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ABSTRACT OF DISSERTATION

FUNDAMENTAL STUDIES OF SURFACTANT TEMPLATED METAL OXIDE MATERIALS
SYNTHESIS AND TRANSFORMATION FOR ADSORPTION AND ENERGY APPLICATIONS
This work addresses fundamental aspects of designing templates and curing
conditions for the synthesis of mesoporous metal oxide thin films. The first section
addresses selection of cationic‐carbohydrate surfactant mixtures to synthesize
templated silica thin films for selective adsorption of simple carbohydrates based on
molecular imprinting. Nuclear magnetic resonance and fluorescence spectroscopy
results suggest a novel structure for mixtures of alkyl glucopyranosides or
xylopyranosides with cationic (trimethylammonium) surfactants.
Despite
thermodynamically favorable mixing, the carbohydrate headgroups in the mixed micelle
adopt an inverted configuration with their headgroups in the micelle core, and
therefore are inaccessible for molecular imprinting. This orientation occurs even when
the alkyl tail length of the carbohydrate surfactant is greater than that of the cationic
surfactant, but this limitation can be overcome by introducing a triazole linker to the
carbohydrate surfactant. The next section addresses the effects of aging conditions on
the structural and chemical evolution of surfactant templated silica thin films. The third
section describes the synthesis of carbohydrate/cationic surfactant imprinted silica thin
films with orthogonally oriented cylindrical pores by modifying the glass surface with a
random copolymer.
The last part of the dissertation addresses the effect of pore orientation on the
transformation mechanism of block copolymer templated titania thin films during high
temperature curing. Mesoporous titania thin films can be used for photochemical and
solar cell applications, but doing so requires addressing the tradeoff between loss of
mesostructural order and growth of crystallinity during thermal treatment. By using
advanced x‐ray scattering techniques it has been shown that the titania films with
vertically oriented pores can better withstand the anisotropic stress that develops
during thermal treatment compare to titania films with mixed pore orientation. For
instance, films with parallel or mixed pores can only be heated at 400 °C for a brief time
(~10 min) without loss of order, while orthogonally oriented films can be heated at 550

°C or greater for extended time periods (on the order of hours) without significant loss
of long‐range mesopore structure. Detailed kinetic modeling was applied to enable the
comparison of activation energy for mesostructure loss in films as a function of pore
orientation and thickness.
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CHAPTER 1
OVERVIEW
Carbohydrates have drawn significant attention in cell and molecular biology due to
their pivotal roles in molecular transport,
responsibility for disease transmission.

5, 6

1, 2

interaction with proteins,

3, 4

and

As a result, significant advances are being

made based on glycobiology in the fields of biointerface engineering, 7, 8 glycomics, 9, 10
saccharide sensors,
mimics

15, 16

etc.

11, 12

carbohydrate drug discovery and refinement,

13, 14

enzyme

These fields would benefit from technologies to recognize and

separate specific carbohydrates from mixtures of similar compounds.

Also, many

carbohydrates (like glucose and xylose) are of growing interest for separation and
purification in biofuels production systems and in the production of commodity
chemicals from lignocellulosic biomass.

17‐20

With these applications in mind, it would

be invaluable to build an efficient, inexpensive, robust technique to selectively separate
valuable carbohydrates generated from breakdown of the large amounts of biomass
that are produced every year.
Among all the approaches reported in the literature for high selectivity adsorption,
molecular imprinting is possibly the most interesting and promising approach to
separate valuable carbohydrates from biomass due to its ability to generate adsorbents
with high affinity and selectivity towards the target molecules comparable to natural
receptors. 21‐26 The first conceptual description of molecular imprinting came from Emil
Fischer with his “lock and key” concept in 1894. 27 By molecular imprinting we strive to
1

create molecular binding sites in a stable framework with specific size, shape and
functional group arrangement complementary to the target molecule. The binding sites
can be formed due to different types of complementary interactions like hydrogen
bonds, van der Waals forces, electrostatic interactions and hydrophobic interactions
between the targeted moiety and the framework.
numerous applications in drug separations,

31‐33

28‐30

Molecular imprinting has

bio‐sensors,

34, 35

catalysis,

36‐38

and

antibody mimics. 39, 40
In general cross‐linked polymers are used to form the network around the templates for
molecular imprinting. 41‐43 However, due to the low thermal, chemical and mechanical
stability of many organic polymers it becomes very problematic to build a robust
framework for many applications.

44

Also, the tendency of many polymers to lose

imprinted site fidelity due to heating over their glass transition temperature and their
non‐porous nature provide incentive to better understand the use of inorganic oxide
frameworks for molecular imprinting. Metal oxides turn out to the ideal choice to build
the framework due to a combination of (1) high thermal and chemical stability that
prevents the loss of imprinted sites and (2) flexibility to tune the binding sites using
different organometallic chemistry. 45‐50
The pioneering work on surfactant templating of ordered silica thin films by Brinker’s
group

51

drew a significant amount of attention from researchers in the porous

materials area due to the potential applications of these templated silica materials
based on their large surface area combined with tunable pore size distribution.

2

52‐54

Applications of these templated silica materials are numerous and include sensors, 55, 56
membranes, 57, 58 and drug delivery systems. 59, 60 These surfactant templated silica thin
films are also a perfect candidate for molecular imprinting application.

61, 62

Templated

silica thin films are usually synthesized by building the metal oxide frame work around
the surfactant templates by evaporation‐induced self‐assembly (EISA) using dip or spin‐
coating. 63, 64
Carbohydrate surfactants can be used for molecular imprinting as the headgroup
complementary to the targeted carbohydrate would create the imprinted sites on the
silica network. After forming the material and allowing it to fully cure, we expect to be
able to extract all of the surfactants to leave behind imprinted sites complementary to
the sugar of interest. The main problem for this synthetic procedure is that many
monosaccharide surfactants such as n‐octyl‐‐D‐glucopyranoside (C8G1) favor lamellar
phases and are difficult to use to template stable mesophases such as hexagonal phases.
65

Silica films with well defined hexagonal pores are beneficial for carbohydrate

adsorption using molecular imprinting due to their well defined diffusion path and very
high surface area.

66

To overcome their limitations, carbohydrate surfactants are often

mixed with cationic surfactants to favor the formation of a hexagonal phase.

67

The

cationic surfactant is introduced to provide electrostatic interactions with the metal
oxide structure (and therefore a basis for forming well‐defined and well‐ordered pores)
and the carbohydrate headgroup is present to facilitate molecular imprinting of sites on
the metal oxide surface specific to the sugar headgroup.

In this way we would able

build a highly selective, robust technique to separate carbohydrates having similar
3

structures. Xylose and glucose are a good representative pairs found in plant‐derived
biomass, as they differ only by one hydroxyl methyl group but otherwise have identical
stereochemistry.
Selection of a proper cationic‐carbohydrate surfactant mixture is crucial for molecular
imprinting because in order to create molecular imprinted sites in mixed surfactant‐
templated metal oxides it is necessary to have the carbohydrate head group slightly
“pushed” outside of the corona region of the mixed micelle in order to have a significant
interaction with the metal oxides to create binding sites for molecular imprinting. The
interactions and structure of the mixed micelle can be influenced by the choice of tail
lengths of the component surfactants and the linkers between the head and tail groups
of the surfactants.

To know the accessibility of the carbohydrate head group in

cationic/carbohydrate micelles, a detailed understanding of the nature of the
interactions between the headgroups in the mixed micelles is needed. Although there
have been several reports on the interactions between mixed surfactants based on the
regular solution theory interaction parameter (β), the interaction parameter only gives
information about the bulk interaction energy associated with the mixed surfactants. 68,
69

The relative positions of the surfactants in the mixed micelle or the interaction sites

between the cationic and nonionic surfactants have not been thoroughly investigated.
In this dissertation, a detailed fundamental study was done using nuclear magnetic
resonance (NMR) spectroscopy and fluorescence spectroscopy to select a suitable
cationic‐carbohydrate surfactant combination where the sugar headgroup is slightly

4

pushed outside of micelles to promote favorable interactions with the silica framework
for molecular imprinting.
In addition to the selection of a proper surfactant combination, the pore orientation in
the imprinted silica thin films is also important for selective adsorption of
carbohydrates. Conventional techniques to synthesize cationic‐nonionic surfactant
templated silica thin films with 2D HCP well‐ordered channels on ordinary substrates
(glass slides or silicon wafers) leads to cylindrical channels parallel to the substrate due
to the preferential interaction between the polar head groups of surfactants and the
hydrophilic substrate.

51

These parallel pores are expected to be inaccessible to the

majority of solutes. Cubic bi‐continuous structures are a possible way to avoid this
problem but are problematic because lateral diffusion can occur as the accessible pores
are not isolated from each other. 58, 70 They also require high surfactant concentrations
for their formation, which can cause them to be difficult to stabilize. As a result,
templated silica thin film with 2D HCP channels oriented orthogonally to the substrate
would be desirable to provide accessible pores with a well‐defined short diffusion path
into the film. In this dissertation, the surface chemistry of the substrate will be tuned
using a random‐co‐polymer to test the hypothesis that this modification will create
orthogonally oriented 2D HCP channels in the imprinted silica thin films.
Apart from synthesizing orthogonally oriented and molecularly imprinted silica thin
films, it is also important to stabilize the silica structure during the aging period after
film deposition.

71, 72

The long‐time effects of different aging conditions on mixed

5

surfactant templated silica thin films have not been thoroughly studied although an
aging period from hours to days is often used to stabilize silica thin films. Also, the
effects of different aging conditions on the long range order of these thin films have not
been studied in great detail. In order to achieve the overall goal of demonstrating
surfactant‐based molecular imprinting on silica films, we need both stability and
consistency in the structural properties of the films. Stability in the silica framework is
important to eliminate the risk of pore shrinkage and collapse during extraction of
surfactant templates, and to provide consistency in the structural properties such as
long range order and d‐spacing in order to reproduce desirable results regarding
molecular imprinting. In this dissertation the effect of different aging parameters
including temperature and humidity will be thoroughly investigated using x‐ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FT‐IR) to determine the
optimum aging condition to stabilize these imprinted silica films for the specific
adsorption of carbohydrates using molecular imprinting.
The last part of the dissertation addresses the effect of pore orientation on the
transformation mechanism of polymer templated titania thin films during high
temperature curing. Mesoporous titania thin films can be used for energy applications
such as solar cells and batteries.

73‐76

The geometry and morphology of these metal

oxide thin films can be controlled by tuning the surface chemistry of the substrate and
templates. 77‐80 In our study, Pluronic P123 block copolymer was used to tune the pore
geometry and the pore orientation. For all mesoporous titania films, controlling the
crystallization of the titania after the initial synthesis is both necessary and challenging.
6

The necessity comes due to the importance of titania crystallinity in controlling the band
gap and charge carrier mobilities.

81, 82

Controlling crystallization is challenging due to

the loss of mesostuctural order during high temperature crystallization83. The
optimization between the mesostructural order and crystallinity must be achieved
during curing to have better solar cell efficiency. In this dissertation, we have used in‐
situ Grazing incidence small angle x‐ray scattering (GISAXS) technique in Advanced
Photon Source (APS) at Argonne National Lab (ANL) to study the effect of pore
orientation on mesostructural order and crystallinity during high temperature curing.
The dramatic importance of pore orientation on thermal stability and crystallization
mechanism of the ceramic structure will be presented in this part along with
mathematical modeling.
1.1. Research Hypotheses
Four hypotheses will be tested in this dissertation. First, to create the mixed surfactant
templated silica thin films for specific adsorption of carbohydrates using molecular
imprinting, it is hypothesized that a perfect cationic‐carbohydrate mixed surfactant
system can be selected where the carbohydrate head group is “pushed out” of the
mixed micelle to become accessible for molecular imprinting. It is also hypothesized that
the hydrophilicity of the surfactant head group, the polarity of the linker, and the tail
length of the both surfactants may play a important roles in the relative position of
sugar headgroup in mixed micelles. Different nuclear magnetic resonance (NMR) and
fluorescence spectroscopy techniques will be used to develop a molecular level
understanding of the relative positions of the carbohydrate headgroup in mixed micelles
7

in response to changes in the structure of cationic and carbohydrate cosurfactants. The
results will dictate the selection of a surfactant combination based on surfactant chain
lengths and the nature of the linker.
The second hypothesis is that the surface chemistry of the substrate can be selected to
make it chemically neutral with respect to the polar head group and tails of the
templating surfactants for cationic‐carbohydrate templated silica thin films so that
pores become orthogonally oriented to the substrate. For that purpose, a random
copolymer will be used to modify the substrate chemistry before the cationic‐
carbohydrate templated silica film deposition and the film structure will be evaluated
using x‐ray diffraction (XRD) and transmission electron microscopy (TEM). Consistent
results with both XRD and TEM will give evidence for orthogonally oriented pores in
these mesoporous silica thin films.
Initial study on surfactant templated silica thin films in our group has shown batch to
batch variations in long range order and structural stability for a given synthesis
procedure.

This structural inconsistency leads to the third hypothesis that the

evolution of surfactant templated silica structure is not only limited to the initial few
minutes after film deposition but also continues for at least several days. It is also
hypothesized that the aging temperature and humidity significantly affect the
mesostructural order and polycondensation of the templated silica thin films during this
longtime aging. Both x‐ray diffraction (XRD) and Fourier transform infrared spectroscopy

8

(FT‐IR) will be used to determine the long range order and the polycondensation extent
in these cationic‐carbohydrate templated silica films.
The fourth and the final hypothesis is that the pore orientation on the P123 templated
titania thin films can have a dramatic impact on the transformation mechanism during
high temperature curing / crystallization. Pore orientation can dictate both the
mesostructural order and the crystallinity of mesoporous titania thin films after high‐
temperature thermal treatment. To study the transformation kinetics of titania thin
films, in situ grazing incidence small angle x‐ray scattering (GISAXS) will be presented
based on measurements at the Advanced Photon Source (APS) at Argonne National Lab
(ANL). The in situ results will be fit with a kinetic model for phase transformation to
compare the rate constant and activation energy for mesostructural deterioration based
on the pore orientation. The in situ results will be complemented by ex situ transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) data where the
TEM/SEM will provide the direct images of the mesostructures. All these results will
help us to select optimum curing condition of these mesoporous titania thin films for
energy applications.
1.2. Overview of Dissertation
This dissertation has nine chapters. Chapter 1 gives a general idea about the motivation
behind the work presented in the dissertation. It states the hypothesis and the
procedures to test them. Chapter 2 presents a brief overview on the different
techniques used in the work. It also gives a description of problems faced during the use
of these techniques and the possible troubleshooting solutions. Chapter 3 describes an
9

investigation of the relative positions and interactions between trimethylammonium‐
based cationic and nonionic carbohydrate‐based surfactants in mixed micelles with D2O
as the solvent.

This is accomplished using nuclear magnetic Resonance (NMR)

spectroscopy and fluorescence spectroscopy. This study focuses on the effects of the
structure of the carbohydrate headgroup (glucopyranoside vs. xylopyranoside) of
carbohydrate surfactants with fixed hydrocarbon chain length (octyl) on interactions
with a cationic surfactant (hexadecyltrimethylammonium bromide, or C16TAB). From
this study for the first time an inverted micelle‐in‐micelle structure was proposed.
Chapter 4 continues the search for cationic‐carbohydrate surfactant combinations
where the carbohydrate head is pushed outside of the mixed micelle. From this study it
is shown that even matching surfactant tail lengths is not sufficient to push the
carbohydrate headgroup out of the mixed micelle. It is shown that this problem can be
overcome by introducing an additional dipolar force to the carbohydrate surfactant
using a triazole linker.

Chapter 5 describes a simple procedure to prepare

carbohydrate/cationic surfactant imprinted silica thin films with orthogonally oriented
close‐packed cylindrical pores by using a surface modification technique. This is
accomplished by using a random copolymer to modify the substrate and neutralize
preferential interactions between the headgroup and tail of the surfactants with the
hydrophilic substrate so that the pores become vertically oriented and accessible for
adsorption. Chapter 6 addresses the effects of aging conditions on the structural and
chemical evolution of mixed cationic‐carbohydrate surfactant templated silica thin films.
The results suggest that the high temperature aging at 50±1 °C in low humid (45±5% RH)
10

condition is the most suitable condition for well‐ordered silica thin films. Chapter 7
demonstrates the pore orientation effect on the transformation mechanism of the
pluronic P123 block copolymer templated titania thin films during high temperature
curing. The result shows how the pore orientation can dramatically affect both the
mesostructural order and crystallization mechanism of these templated titania thin films
during high temperature curing. Chapter 8 continues with a detailed kinetic study of the
transformation mechanism of the P123 templated thin films. The data are fit with the
Avrami equation followed by the Arrhenius equation to compare the rate constants and
activation energies for mesostructural deterioration as a function of pore orientation
and film thickness. Chapter 9 summarizes the results from this dissertation work and
discusses possible future direction to apply these research outcomes for separation and
energy applications.
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CHAPTER 2
BACKGROUND
2.1. Summary
This chapter briefly reviews prior literatures relevant to our work and several
characterization techniques used in this dissertation. It will first give general background
information about surfactants, mixed surfactant systems and mesoporous thin films.
Then it will introduce the basic procedures to use different instruments used in this
thesis and highlight the steps required to interpret the data with an emphasis on
methods specific to this work. This part will begin with a discussion of nuclear magnetic
resonance (NMR) spectroscopy techniques. Several advanced NMR techniques will be
used in Chapters 3 and 4 to measure properties of mixed cationic‐carbohydrate
surfactant micelles with the goal of giving accessible sugar headgroups for materials
synthesis. The chapter then will provide a discussion of fluorescence spectroscopy
techniques used to measure different micellar parameters (such as aggregation number)
in Chapters 3 and 4. Following this will be a discussion of Fourier transform infrared (FT‐
IR) spectroscopy and x‐ray diffraction (XRD) techniques, which will be used in Chapter 5
to measure change in condensation rate and long range order in silica thin films under
different aging conditions. Finally, the chapter will discuss materials characterization
techniques starting with grazing incidence small angle x‐ray scattering (GISAXS), which is
used for ex‐situ and in‐situ experiments in Chapters 7 and 8 to investigate the
transformation mechanism of templated titania thin films during high temperature

12

curing. The chapter concludes with a brief discussion of transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) techniques used to image
mesoporous silica and titania thin films in Chapter 5‐7.
2.2. Surfactant
The term surfactant is a contraction of “surface active agent” used to descibe
amphiphilic molecules consisting of covalently bound hydrophilic head groups and
hydrophobic tails. These surfactants reduce the surface tension by orienting themselves
at the air/solution interface.84‐86 Based on the nature of the head group, surfactants can
be classified cationic, anionic and nonionic. Cationic surfactants have positively charged
head groups and are often used for their softening, antistatic, soil repellent and
antibacterial properties.87,

88

Examples of cationic surfactants are quaternary

ammonium or amine salts with different alkyl chains.89 Anionic surfactants have
negatively charged head group that helps to interact with the fibers and solid particles,
which makes them the most commonly used surfactants for cleaning purposes..90,

91

Alkyl sulfates and alkyl‐ether sulfates are examples of anionic surfactants.92, 93 Nonionic
surfactants have drawn attention and market share in the last three decades due to
their biocompatibility in many commercial products. The lack of charge in the
headgroups of nonionic surfactants makes them capable of forming different complex
mixtures for application purposes.94,

95

Common examples of nonionic surfactant are

fatty acid esters, ethoxylated compounds, and amine, or amide derivatives.88 Another
important subgroup of nonionic surfactant is alkylpolyglucoside or carbohydrate
surfactants.65,

96

Carbohydrate surfactants are derived from various carbohydrates
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(sugars) and as such have polar, nonionic headgroups. Carbohydrate surfactants are of
sustained interest in many industries and research fields due to their biocompatibility
and environment friendly synthesis routes from renewable sources. 97, 98
All surfactants have the ability under the right conditions to form large organized
aggregates, or micelles, beyond a certain concentration known as the critical micelle
concentration (cmc).99, 100 The cmc is a very important parameter of a surfactant and
can be affected by different parameters including temperature, pressure and additives
such as salts.101‐103 Hara et al. has reported the pressure dependence of the cmcs of the
nonionic surfactant Triton‐X‐100 (TX100).104 In their study the cmc of TX100 was found
to first increase at low pressures and then to increase with pressure at high pressure (>
100 MPa). In other words the cmc goes through a maximum with increasing pressure. In
their study the change in cmc as a function of pressure is related to the partial molar
volume change involved in the formation of micelles from monomers. In micelles the
compressibility is higher compared to the molecularly disperse state due to the open
structure in micelles. As a result of that, the partial molar volume in the micellar state
decrease faster than the partial volume in the monomeric state with increasing
pressure. At 100 MPa the difference between these two partial volume changes sign
and that corresponds to the maximum cmc for that surfactant. Similar trends were also
observed for anionic surfactant sodium dodecylsulfate (SDS) and cationic surfactant
decyltrimethylammonium bromide (DeTAB) by other groups. 105‐107
Mohajeri et al. has reported the effect of temperature on the cmc of nonionic
polyoxyethylene sorbitan fatty acid esters.108 In their study, the cmc decreases initially
14

and then increases with an increase in temperature. The cmc goes through a minimum
at 42 °C for this nonionic surfactant. To form micelle a minimum temperature is
required where the solubility is high enough to allow enough surfactant to dissolve to
form micelles.

This point is called the critical micelle temperature or the Krafft

temperature.109, 110 Krafft temperature can vary from surfactant to surfactant based on
the nature of the head group and tail of the surfactants.

111, 112

Aggregation number is

also an important parameter which indicates the average number of surfactant
monomers in micelles. Based on the packing behavior of the head groups and tails,
different miceller shapes are also possible including spherical, cylindrical and ellipsoidal,
each of which would have different ranges of aggregation numbers. 113, 114
2.3. Mixed surfactant system
Mixture of surfactants are often preferred over individual surfactants due to different
synergistic effects and comparatively low production costs.115,

116

As a result of that,

mixed surfactant systems are used widely in different industrial applications including
pharmacology, cosmetics and coatings.117‐119 Mixed surfactant system do not behave
the same as individual surfactants in forming micelles.

Even ideal systems show

variations in partitioning of surfactants between the bulk solution (monomers) and
micelles as a function of concentration. This is analogous to vapor‐liquid transitions
where boiling of a pure substance occurs at a single temperature but for mixtures
vapor‐liquid coexistence occurs over a range of temperatures and compositions. In
addition, many mixed surfactants exhibit nonideal mixing behavior and the properties of
these mixed surfactant systems depend on the interactions between the head groups
15

and also on the interactions between chains.87,

120, 121

The composition of mixed

surfactant micelles is not the same as the overall composition and is dependent on the
surfactant concentration as well.
Several thermodynamic models have been developed for mixed micelles and different
micellar properties, such as the composition of the mixed micelle and the mixed cmc,
can be calculated based on the interaction parameters in the model. A common model
used to interpret mixed micelle cmc values based on regular solution theory has been
described by Holland and Rubingh, and this same approach can be extended to Clint’s
pseudo‐phase separation model of micellization.68,

122,

123

In the psedophase

approximation, micelles are treated as a separate phase than the bulk phase and
chemical potential models can be applied to model nonideal mixing. Clint originally
applied the pseudo‐phase separation concept to ideal mixed surfactants to develop
expressions for cmc (Eq. 1) and micelle composition (Eq. 2).
1

1

1

(2)

where cmc= mixed cmc, cmc1=cmc of first pure surfactant, cmc2= cmc of second pure
surfactant, α1= bulk mole fraction of the first surfactant, X1=mole fraction of the first
surfactant in the micelle, C= total surfactant concentration in solution, C1m= monomeric
concentration of first pure surfactant in bulk solution and C2m= monomeric
concentration of second pure surfactant in bulk solution.
16

Using regular solution theory model, Clint’s model can be extended to describe the mole
fraction of each pure component the mixed micelle at the cmc. According to regular
solution theory, the micellar mole fraction of the first surfactant component (X1) in a
binary mixture at the cmc can be calculated from the mixed cmc using Eq. 3, and the
interaction parameter (β) can be found using Eq. 4.

1

3

4

The interaction parameter β, as the name implies, describes the degree of interaction
between two surfactants. This β value can be represented in terms of excess Gibbs free
energy if the excess entropy of mixing is assumed to be zero.124 As a result of that, a
negative β value indicates a synergistic effect or favorable mixing between two
surfactants. In contrast, a positive β value indicates antagonistic behavior of the mixture
and a β value close to zero indicates almost ideal mixing.125

Several studies have

reported the effects of different parameters such as tail length, nature of the head
group and solvent on the interaction parameter β. According to Sierra et al. the
interactions

between

nonionic

alkylglucoside

(β‐C10G)/alkylmaltoside

(β‐C10M)

surfactants and anionic sodium dodecyl sulfate (SDS) becomes stronger (more negative
β value) when the hydrocarbon chain length is shorter and the hydrophilic head group
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of the non‐ionic surfactant is larger.

126

They also have shown favorable interactions

between two non‐ionic surfactants (β‐C10G/ β‐C10M) which may be related to the
packing arrangement of the nonionic head groups in the mixed micelle shown by the
MM2 force field molecular mechanics calculation. The most preferred configuration is
suggested by this calculation when the sugar head group of β‐C10G is located between
the two glucose units of maltose headgroup of β‐C10M. Wydro et al. has also reported
strong

interaction

(β=‐1.28)

between

the

cationic

surfactant

hexadecyltrimethylammonium bromide (CTAB) and nonionic surfactant n‐dedecyl‐β‐D‐
glucoside.
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This suggests that the mixing of an ionic surfactant with a nonionic

surfactant can result in more favorable interactions between the two headgroups than
are seen for each pure species on its own.
Clint’s model can be extended using RST to estimate the mole fraction of each pure
component in a mixture above the cmc value of the mixture. 128 The mole fraction (X1)
can be calculated at a total surfactant concentration C by solving equation 5 using a
nonlinear equation solver.

0 (5)
2.4. Mesoporous silica and titania thin films

Surfactant templated mesostructured silica materials were first reported by kresge et al.
by using the evaporation induced self‐assembly (EISA) process.129 In this process,
surfactants act as templates and silica forms the structure around the template by
hydrolysis and polycondensation reactions. After formation of a stable structure the
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surfactants are removed to form an ordered mesoporous silica material. This technique
has several advantages including simple synthesis procedure and excellent control over
the mesophase and pore size. 53, 130, 131 As a result, mesoporous silica materials may be
considered to be ideal candidates for high‐value materials applications such as low
dielectrics, adsorbents, optical materials and membranes. 132‐135
In the last three decades several detailed studies have been reported addressing the
fundamentals of the sol gel synthesis process of these mesoporous materials along with
different characterization procedures and potential applications.136‐138 several in situ
studies of thin film formation have been done by Brinker’s group and Innocenzi’s group
describing the mesostructural formation and evolution during film synthesis by using in‐
situ grazing incidence x‐ray scattering (GISAXS) and Fourier transform infrared (FTIR)
spectroscopy. Brinker’s group has shown the composition‐structure relationships during
the sol‐gel synthesis process.139‐141 From their study the effect of solvent evaporation
during EISA process on the surfactant aggregates, surfactant‐silica interaction and film
thickness were established. According to their study, the solvent evaporation rate is
directly related to the concentration gradient of solvents in the film. Fast evaporation
introduces large concentration gradient whereas slow evaporation introduces
homogeneous solution. Based on the concentration gradient, the location at which
different phases nucleatein the film and their evolution can be controlled. Also, they
have shown that a higher degree of orientation (within the plane of the film) is favored
by a slow evaporation rate. Therefore, the evaporation rate can be controlled to form
different mesostructures or to change the long range order. Although their studies have
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shown the importance of the initial few minutes during film deposition for dictating
phase or long range order, they do not describe the evolution of mesostructural changes
over the time scale typically used for film aging.
Innocenzi’s group has investigated the various stages during film formation and also the
order‐disorder transitions during the thermal annealing procedure.142 Babonneau and
coworkers have shown the ability to form different mesophases such as cubic, 2D
hexagonal and 3D hexagonal by introducing slight change in the synthesis procedure
during EISA.143

Grosso et al. has shown the effect of condensation rate on the

orientational order of the pores in the silica thin films.144 Their work also suggests the
importance of controlling different parameters including humidity, coating sol pH and
ethanol vapor pressure.63, 145 For example the variation of relative humidity from 20% to
70% can transform the mesostructure from poorly ordered to 2D hexagonal and then
3D cubic during film deposition for CTAB templated silica thin films. According to their
study, the humidity can change the solvent vapor pressure just after film deposition and
can introduce film composition change that influence the final organization of the
mesostructure. All of these studies contribute to better understand the EISA procedure
for well‐ordered mesoporous silica films formation. However, the long‐time effect of
process parameters on evolution of films after deposition was not studied and needs
further investigation.
Mesoporous titania thin films have drawn a significant amount of attention due to their
high surface area, tunable pore size, thermal stability, and unique optical and electronic
properties.146‐150 As a result, there are numerous applications of mesoporous titania thin
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films in the field of catalysis, photovoltaic and membrane applications.151‐154 Coakley et
al. has shown a simple synthesis technique to apply mesoporous titania thin films for
organic‐inorganic photovoltaics where 33% of the total volume of the thin films can be
filled with semiconducting polymer155. Achieving this level of polymer loading is
challenging because of the loss of comformational entropy of polymers upon
confinement in pores whose radius is less than the radius of gyration of the polymers.
This loss of comformational entropy inhibits infiltration into the pores and reduces the
efficiency of the photovoltaics due to limited contact between the polymer and oxide
semiconductor. In a different approach, Zukalova et al. showed that organized
mesoporous titania films exhibit greatly enhanced solar conversion efficiency (by about
50%) in dye‐sensitized solar cells compared to traditional films of the same film
thickness made from randomly oriented anatase nanocrystals.74 According to Choi et al.
mesoporous photocatalytic titania films can be used as membranes for different
environmental applications.156 Mesoporous titania materials can also be used to
prepare anode materials in lithium ion batteries due to several advantages including
excellent cycle stability, small volume expansion during intercalation‐extraction of Li
ions, and high discharge voltage plateau. 157‐159 Titania thin films can be produced by the
surfactant templated EISA process using either spin or dip coating. Several reports have
shown the tunibility of this EISA process to prepare mesoporous titania thin films with
different mesophases. For example Alberius et al. has shown a general predictive
synthesis rout to prepare cubic, hexagonal and lamellar mesostructured titania films.138
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One of the unique property of titania is the phase transformation of titania during high
temperature curing. Titania is amorphous at room temperature but forms anatase
crystallites above 400 °C. Further heating leads to the anatase‐rutile phase
transformation around 700 °C. 160 The crystallization of titania controls the energy band
gap and electron mobility of the material. These factors dictate the light absorption and
electronic properties of the materials and therefore their photochemical and
photovoltaic performance. Several studies have been done to follow the kinetics of
titania crystallization. Zhang et al. described the crystallization kinetics of nanometer‐
sized titania as a four step process. 161 According to their study, the process begins with
interfacial nucleation of anatase at contact areas between amorphous particles followed
by crystal growth of anatase by redistribution of atoms from smaller anatase crystals or
amorphous particles onto the nanocrystal surfaces. Finally, the oriented attachment of
adjacent anatase particles which are in favorable orientation occurs. They have
measured activation energies associated with each step. Kirsch et al. reported the
activation energy for crystallization of mesoporous titania thin films by using the Avrami
equation to model kinetics of structural transitions and the Arrhenius equation to
describe the temperature dependence of rate coefficients.162 The Avrami equation is
often applied to model the kinetics of phase transformation of solid materials at
isothermal condition.163, 164 It is also known as Johnson‐Mehl‐Avrami‐Kolmogorov or
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JMAK equation and is given by Eq. 6:
ln 1

(6)

where α = amount of transformed material, t= time, k = temperature dependent rate
constant and n= transformation propagation parameter.
The value of n dictates the nature of transformation or the mechanism of crystal
growth.164,

165

For example if the value of n=1, one‐dimensional surface‐nucleation

dominated crystallite growth is indicated. All of these studies help us to better
understand the kinetics of crystallization of titania.
2.5. Spectroscopy techniques
2.5.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR is a very powerful technique that gives several modes to directly characterize
molecular interactions between different nuclei 166‐169. It is based on the magnetic spin
of the nucleus and only applicable for the molecules those have non‐zero overall nuclear
spin (including 1H, 13C, 31P and 29Si) 170‐173. Here, different types of NMR techniques will
be used to investigate the proximity of the carbohydrate and cationic surfactant
headgroups in cationic‐carbohydrate surfactant mixed micellar systems. For all NMR
experiments the samples were prepared by dissolving the surfactant mixtures in D2O
(deuterium oxide), which not only reduces interfering peaks that would be generated by
H2O but also provides a 2H signal that can be used to shim and lock the magnetic field of
the sample. The total surfactant concentration was fixed to 30 mM, which (as we will
discuss) is above the critical micelle concentration (cmc) of the surfactant in the mixture,
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and well above the cmc of the mixed surfactant systems employed. Samples were
prepared in 5 mm borosilicate glass NMR tubes sealed with a plastic caps. Both 400
MHz and 600 MHz varian NMR spectrometers were used for our experiments, and for
consistency of interpretation the sample temperature was fixed at 50 °C with a variable
temperature (VT) controller. This temperature was chosen because it is above the
highest Krafft temperature of surfactants employed (n‐octyl‐‐D‐xylopyranoside) and is
consistent with temperatures used in synthesis of templated materials by nanocasting
67

. The following sections will briefly describe the procedure employed for different

NMR techniques.
1D proton (1H) NMR
1D proton NMR is a standard technique based on measuring the spectrum of 1H nuclei
(always available on NMR instruments because of the high natural abundance of this
nucleus), and provides information about the local chemical environments of the
different types of hydrogen and their relative number in a given sample 174‐176. To collect
a proton NMR spectrum, an NMR tube containing the desired surfactant mixture was
first loaded into the NMR spectrometer and a standard proton NMR experiment was
selected from the instrument software. The temperature was raised to 50 °C and 5
minutes after reaching the final temperature (50 °C) the sample was locked and
shimmed (which refers to the process of adjusting the magnetic field in the probe to
give an optimal field around the sample) using standard procedures. The rate of
spinning the sample was set to 20 Hz to avoid artifacts due to subtle imperfections in
the NMR tube. After this setup, a preliminary proton NMR spectrum was collected using
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16 scans. To improve the quality of the spectrum the pw90 (the pulse width that rotate
the magnetization from the direction of the magnetic field (the z axis) to the xy plane to
produce the largest signal in a single scan) was calibrated at fixed transmitter power
(tpwr) by collecting spectra with an array of values of the ‘pw’ parameter. After
calibrating the value of pw90, its value was used as the pulse width in the standard
proton NMR pulse sequence and the experiment was repeated with 64 scans. Finally the
spectrum was referenced (to set the chemical shift scale) by using the partially
hydrogenated D2O peak as the reference. This and all other data were saved on
machines in the Chemistry Department NMR facility for future reference. Figure 2.1
shows a representative proton NMR spectrum of a 30 mM C16TAB/C8G1 1:1 mixture in
D2O. 1D spectra are interpreted based on standard ranges of chemical shifts
encountered for nuclei of interest and splitting patterns caused by coupling among
nuclei. However, the spectrum exhibits significant complexity due to coupling among 1H
nuclei in the carbohydrate headgroups, and peaks were assigned to different protons in
the two surfactants using 2D techniques as discussed in Chapter 3. Note that some
peaks are relatively broad (such as the (CH2)n+m peak) due to the wide variety of local
chemical environments found in a micellar system. The narrow carbohydrate peaks
(such as the H1 peaks) are more typical of the resolution provided by 1H NMR.
Spin‐lattice (T1) and spin‐spin (T2) relaxation measurements
It is common to measure rates of relaxation of various nuclei in the field of the
spectrometer while performing NMR experiments. Knowing these parameters not only
allows one to choose conditions to give meaningful results (such as selecting a delay
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between pulses that will give quantitative results) but also provides insight into the local
molecular environments of the nuclei. T1 is the relaxation time constant of the nuclear
magnetization vector in the direction parallel to the magnetic field due to the transfer of
energy from a nucleus to the surrounding medium by tumbling, whereas T2 is
proportional to the time required for nuclear magnetization vector to relax in the plane
perpendicular to the magnetic field due to interactions with other spins in the mixture
177, 178

. From an instrumental point of view, T1 is important because it dictates the

fastest rate of repeating pulses without introducing artifacts and T2 determines the rate
at which signal decays in the plane perpendicular to the main field, which is inversely
related to the width of NMR peaks.
Generally, T2 decreases as a nucleus enters into an environment with a higher local
density of spins, or if the lifetime of interactions with neighboring spins increases (for
instance, in a more viscous environment). For small molecules with rapid tumbling, the
dependence of T1 and T2 on molecular mobility is the same, but for low molecular
mobilities, T1 follows the opposite trend from T2; as the local density surrounding a
nucleus increases or the mobility decreases, T1 is expected to increase due to slow
tumbling while T2 decreases.179‐181 Thus, comparing these two parameters is a good way
to learn about the local environment experienced by parts of a molecule in a micellar
environment.
For T1 measurement experiments, the procedure begins with the same setup as for a 1D
proton spectrum using the calibrated pw90 value. Then the experiment parameters
were moved to another experiment using the inversion recovery (INVREC) pulse
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sequence for T1 measurements. In this experiment, a 180° pulse is applied to flip the
magnetization of a nucleus followed by a delay and a 90° pulse and signal measurement.
The delay time is varied to allow relaxation to occur to varying degrees. An exponential
recovery is observed with a time constant equal to T1. The following parameters were
used: recycling delay (d1) =15 sec, number of transient (nt)= 8 and number of points
(np)= 8192. The parameter d2 (the delay between the pw180 pulse and pw90 pulse) was
arrayed from 0.05 to 6.07 sec with 25 values and with exponential increment. The pulse
sequence was checked again to make sure the right pw90 and d1 values were entered
into the pulse sequence. The require timing for this experiment was checked and then
the experiment was run. After completing the experiment the threshold value was set
on the 1D proton NMR spectra and then the T1 analysis tab was pressed from control
panel to get the T1 values for each peak (by fitting exponentials to the recovery
intensities) with standard error. The experiment was saved for future reference. From
this T1 values and standard errors of the T1 values for each peak with 95% confidence
interval were calculated.
For T2 experiments a proton NMR spectrum was first collected with calibrated pw90 and
then the parameters were moved to a new experiment. In the new experiment the Carr‐
Purcell Meiboom‐Gill (CPMGT2) pulse sequence was selected for T2 analysis. In this spin
echo pulse sequence, a 90° pulse is first applied to move magnetization into the xy
plane. A delay is applied followed by a 180° pulse to flip the magnetization vector
followed by a second delay equal to the value of the first. The two delays allow
magnetization vectors to refocus so that signal can be performed, and by increasing the
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duration of the delay, greater relaxation in the xy plane occurs before measurement.
Basic NMR parameters were d1 = 40 sec, nt = 4 and np = 32768. The parameter ‘bigtau’
(which defines the delays between pulses) was arrayed from 0.001 to 2.44 sec with 40
values and exponential increments. Then the pulse sequence and the required time for
the experiment were checked. After verifying the pulse sequence, data acquisition was
started for the T2 experiment. After completing the experiment the threshold value was
fixed and the intensity vs.  values were collected for each peak. The experiment was
saved for future reference. Fitting was done using a single exponential using the
following equation:
∗
where I= intensity, = spin echo delay and T2= spin‐spin relaxation time. Sigmaplot
software was used to calculate the T2 parameter and standard error. These standard
errors were used to calculate the 95% confidence interval of T2 values for each peak.

Correlation spectroscopy (COSY)
COSY allows one to identify the proximity of the homonuclear spins which are
correlated by through‐bond coupling generally over up to 3 or 4 bonds 182, 183. It is the
simplest and most widely used NMR experiment to analyze bonding configurations in
chemical structuress.184‐186 This technique is very useful when multiplets overlap or
excessive coupling complicates the 1D spectrum. It is mostly used for analyzing coupling
relationship between protons but it can also be used for other highly abundant
homonuclear spins including 19F, 31P and 11B.187‐190
28

To run this experiment, a 1D proton NMR spectrum was first collected with calibrated
pw90. Then the spectral width (sw) of the spectra was selected according to the desired
chemical shift range. The parameters were moved to a new experiment and the
gDQcosy pulse sequence was selected for a gradient enhanced double quantum filtered
COSY experiment. The following parameters were used: d1= 6 sec, number of transients
to reach steady state (ss) = 32, nt= 4 and np=ni=576. The pulse sequence and estimated
time were checked before acquiring the data. After completing the experiment the 2D
data were collected and the experiment was saved for future reference. Figure 2.2
shows a representative COSY spectrum of C16TAB/C8G1 1:1 mixture. In the 2D COSY
spectrum, the cross peaks appear when there is a correlation due to spin‐spin coupling
through bonds between the associated protons and are symmetric along the diagonal.
The “sequential walking” procedure is normally used to identify different correlations in
COSY spectra.191 The first step for this procedure is to match the diagonal peaks to the
equivalent resonances in the 1D spectrum. Then one can start from a diagonal peak and
draw a horizontal line to the nearest cross peak then from the cross peak draw a vertical
line and see which diagonal peak it intersects. This cross peak will indicate the
correlation between the two associated diagonal peaks. For example in Figure 2.2 a
horizontal line is drawn from the diagonal peak of the H1 proton of C8G1 which hits the
number 4 cross peak. From the number 4 cross peak another vertical line is drawn
which hits the diagonal peak of the H2 proton. Therefore, cross peak 4 correlates the H1
and H2 protons in Figure 2. The rest of the assignments from this spectrum will be
discussed in Chapter 3.
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Heteronuclear correlation spectroscopy (HSQC)
HSQC is a NMR technique that correlates coupled heteronuclear spins across single
bonds

192, 193

. This technique is highly effective to identify directly attached nuclei such

as 1H‐13C correlations in hydrocarbon molecules. To run this experiment, first 1D proton
and 1D carbon NMR spectra were collected. The calibrated pw90 (for both 1H and 13C),
spectral width (sw) and transmitter offset frequency (tof) were noted. Then in a new
experiment, the gradient enhanced hetetronuclear single quantum coherence (gHSQC)
pulse sequence was opened and the parameters collected from the previous 1H and 13C
NMR experiments were used. The following parameters were also used: d1= 5 sec and
np= ni = 576. The pulse sequence and estimated time were checked and the data
acquisition was started. After completing the experiment the 2D data were collected
and was saved for future reference. Figure 2.3 shows a representative HSQC spectrum
of C16TAB/C8G1 1:1 mixture. In the HSQC experiment there are two types of correlations
that can be seen. Those with dark spots indicate the correlation of carbon that are
directly attached to an odd number of proton(s) (called a positive correlation). The other
correlation presented by white spots indicates carbons that are directly attached to an
even number of protons (i.e. a negative correlation). By correlating these spots with the
associate peaks in the 1D spectra we can identify the directly attached carbon and
hydrogens nuclei in our molecules to make definitive assignments of the identify of
peaks. For example in Figure 2.3 vertical and horizontal lines (in blue) drawn from dark
spot 1 correlates the C1 carbon and H1 proton of C8G1, respectively. This indicates that
the H1 proton is directly attached to the C1 carbon and the cross‐peak is dark because a
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single proton is attached. Similarly, vertical and horizontal line (in red) drawn from white
spot 9 correlates the C6 carbon with the H6A,B protons. Because two protons are
involved in the correlation, the cross‐peak is light in color. The rest of the peak
assignments from this spectrum will be discussed in Chapter 3.
Nuclear Overhauser effect spectroscopy (NOESY)
NOESY is a very useful NMR technique to identify the interaction between the spins
which are directly correlated by through‐space dipolar coupling 191, 194, 195. The NOE is a
cross‐relaxation process occurring between protons that are less than 5 Å apart. In our
mixed surfactant system this technique is a very useful tool because it can directly give
us information about the relative position of the carbohydrate headgroup in mixed
micelles by correlating protons in close proximity from the carbohydrate and cationic
surfactant. To run the 2D NOESY experiment, a 1D proton NMR spectrum was first
collected with calibrated pw90. Then the spectral width (sw) was selected according to
the desired chemical shift range and the proton spectrum was rerun. Then the
referencing of the spectrum (using peaks from partially protonated D2O) and integration
of the peaks were done, and the data was saved for future reference. Then the
parameters were moved to another experiment and the NOESY pulse sequence was
opened. The following parameters were used: d1= 3 sec, nt=8, ni=np=512 and ss=128.
The mixing time (mixN) is a very important parameter because in this mixing time period
the NOE grows and then decays. If we select a very small mixing time, then some NOEs
may not develop in that time. If, on the other hand, we select a very long mixing time
then some NOEs may decay to zero and cannot be detected. The proper mixing time can
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be selected by considering the spin‐lattice (T1) relaxation values for the protons because
the NOE reaches its maximum when the mixing time is on the order of the T1 relaxation
value. For molecules having protons with different T1 values it is best to first fix the
mixing time equal to the shortest T1 value and then to vary the mixing time up to the
longest T1 value. In our case we first fix the mixing time to 600 ms and then vary it up to
1700 ms. After setting all the parameters the data were acquired. After completing the
data acquisition the 2D data was collected and saved for future reference. Figure 2.4
shows a representative 2D NOESY spectrum of the C16TAB/C8G1 1:1 mixture. In this
figure we can see several cross peaks. These cross peaks are symmetric across the
diagonal and indicate protons correlated through space via NOE interactions.
There are generally two types of NOE correlations that we can expect in this spectrum.
One is between protons from the same types of surfactants and other one is between
protons from two different surfactants. Both of these NOEs are caused by through‐
space correlations. One can determine the correlated protons by drawing vertical and
horizontal lines from a particular cross peak. For example, in Figure 2.4 vertical and
horizontal lines are drawn from cross peak 5 which intersect the diagonal peaks of the
H2 proton and H1 protons, respectively. Therefore, cross peak 14 represents the NOE
correlation between the H2 proton and H1 proton. The assignment of the rest of the
cross peaks will be discussed in Chapter 3.
For a 1D NOE experiment, a calibrated 1D proton NMR spectrum was first acquired.
Then the ‘cyclenoe’ pulse sequence was used with the following parameters: d1
(relaxation delay) = 6 sec; nt (number of transient) = 32; np (number of points) = 8192;
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satpwr (saturation power)=‐16; sattime (saturation time)= 4 sec and MixN (mixing
time)=600 ms. In this pulse sequence, radiation is done from protons of interest so
peaks associated with the irradiated proton through NOEs are observed. The protons of
interest were subject to saturation in half the transients collected, whereas an off‐
resonance position was subjected to saturation in the other half of the transients. The
spectrum resulting from off‐resonance saturation was subtracted from the one obtained
with saturation of protons of interest to yield a difference spectrum in which only
resonances affected by cross‐relaxation with protons of interest appear. After setting all
the parameters the data acquisition was done. The 1D NOE data was collected and
saved for future reference.
Figure 2.5 shows a representative 1D NOE spectrum of a C16TAB/C8G1 1:1 mixture. The
lower part of the 1D NOE spectrum is the normal 1D proton spectrum whereas the
upper part denotes the spectrum after subtraction. In the subtracted part, two types of
peaks can be seen. The first is the radiated peak, which normally appears in negative
phase, and the second are NOE peaks that appear in positive phase. From the NOE peak
one can draw a vertical line which intersects the related peak in the proton spectrum to
allow the protons correlated to the irradiated peak to be identified. For example, in
Figure 2.5 one vertical line is drawn from the NOE peak to show the correlation between
the radiated peak of NCH3 (negative phase) and the correlated ’a,b protons. More 1D
NOE experiments and their interpretation will be discussed further in Chapter 3.
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2.5.2. Fluorescence spectroscopy
Fluorescence spectroscopy is a very important tool to characterize different micellar
parameters such as critical micelle concentration (cmc) and aggregation number 196‐199.
It is based on the energy emission of a probe molecule due to the transfer of electron
from an excited state to another excited state or the ground state

200, 201

. It has many

advantages: first, high sensitivity so that a very small amount of the probe molecule can
be added to avoid perturbing the configuration of our original system. Second, many
probe molecules are available that are solvatochromic, meaning that their emission
characteristics vary with respect to the local solvation environment. Third, energy
transfer between excited probe molecules and other molecules in close proximity so
that experiments can be designed that take advantage of fluorescence quenching
phenomena. In the following paragraphs we will briefly describe the procedures to
calculate different micellar parameters.
Critical micelle concentration (cmc) determination:
Fluorescence measurements using pyrene as a probe were used to measure the critical
micelle concentration (cmc) of surfactant mixtures.99, 202 Fluorescence experiments were
performed with a Varian Cary Eclipse fluorescence spectrophotometer (Walnut Creek,
CA) at room temperature. Emission spectra were collected using an excitation
wavelength of 335 nm. An aliquot solution of pyrene dissolved in ethanol was
transferred from stock solution to a beaker and the solvent was evaporated with dry
nitrogen. Surfactant mixtures dissolved in water were added according to the required
concentrations. The pyrene concentration (0.001 mM) was kept constant for every
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experiment. For mixed cmc measurements, the total surfactant concentration was
varied from 0.9 mM to 2.5 mM. Figure 2.6 shows the ratio of two pyrene fluorescence
emission bands appearing at 374 nm (I1) and 387 nm (I3) vs. total surfactant
concentration curve for DeTAB/C12G1 1:1 mixed cmc calculation.

This ratio is a

measure of polarity near pyrene, where a lower value indicates a less polar
microenvironment.

203, 204

The break point in each plot is considered to be the cmc of

the mixture 202 because pyrene is able to partition from the polar aqueous environment
into the more nonpolar environment provided by micelles. We will discuss cmc values
determined by pyrene solvatochromism in Chapter 5.
Aggregation number calculation
Steady state fluorescence quenching experiments allow the determination of the
absolute concentration of micelles in solution based based on the effect of an added
quencher on the intensity emitted from a probe molecule dissolved in the micelles. In
aggregation number studies, the total surfactant concentration was fixed at 30 mM (the
concentration used for all other measurements). Hexadecylpyridinium chloride was
used as a quencher and its concentration was varied from 0 mM to 0.8 mM. The mean
aggregation number (Nagg) of these surfactant mixtures was calculated using steady
state quenching of solubilized pyrene by hexadecylpyridinium chloride. The mean
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aggregation number was calculated using following equation 205:
ln

where I = fluorescence intensity in the presence of quencher, I0 = fluorescence intensity
in the absence of quencher, [Q] = concentration of quencher, and c = total surfactant
concentration.
Figure 2.7 shows a representative figure of the raw pyrene emission spectra used for
aggregation number calculation of a DeTAB/C12G1 1:1 mixture. We can see the effect of
quencher concentration on the florescence intensity. From ln(I0/I) vs [Q] curve shown in
Figure 2.8. The slope is found by linear regression and used to calculate the aggregation
number. We will discuss more about these measurements in Chapter 4.

2.5.3. Fourier transform infrared spectroscopy (FT‐IR)
FT‐IR is a powerful spectroscopy technique for the chemical analysis of the sample
materials based on the different vibrational modes of the material components

206, 207

.

For this technique, an infrared beam is passed through the sample materials and during
that time some the radiation is adsorbed and rest of it transmitted through. Due to the
different vibrational modes of the chemical bonds, the adsorption and transmission
characteristic of different species vary, which permits analysis the different chemical
component in the materials. In our study, FT‐IR was collected directly in transmission
mode for films cast onto silicon wafers using a ThermoNicolet Nexus 470 instrument
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with a MCT detector. The films needed to be thin (<200 m thick) to transmit sufficient
infrared intensity for the measurement to work well. Prior to film deposition, the
spectrum of the bare silicon wafer was collected and used as the background of that
particular sample throughout all subsequent measurements. It was important to be
sure to reposition the wafer in exactly the same place in the transmission holder to
avoid interference from background changes.
Figure 2.9 shows a representative FT‐IR absorbance spectrum of surfactant templated
silica thin films. We can identify different vibrational modes in this spectrum. First, in
the 3200‐3400 cm‐1 range there, O‐H stretching bands appear due to SiO‐H dangling
bonds and adsorbed water.208 In the 2800‐3000 cm‐1 range there are two bands, both
are associated with the CH2 stretching vibrations of the surfactant. At low wave
numbers, two bands appear. The first one at 1160 cm‐1 represents anti‐symmetric
stretching of the oxygen atom in Si‐O‐Si bonds and the second one at 950 cm‐1
correspond to Si‐OH stretching of silanols. These bond vibrations indicate the presence
of different species in the materials. For example the CH2 bands indicate the presence of
surfactants in the material. Also, the relative intensities of the Si‐OH stretching and Si‐O‐
Si stretching bands can be taken as a measure of the extent of condensation in the
material. FTIR spectra will be discussed in more detail in Chapter 5.
2.6. Materials Characterization
2.6.1 X‐ray diffraction (XRD)
X‐ray diffraction (XRD) is a very useful tool to get the information about the atomic‐to‐
nm scale structure of the ordered or crystalline materials. It is based on the principle of
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the interference of the diffracting monochromatic X‐ray beams from any materials
having well defined spatial arrangements209, 210. The interference of the x‐ray beams are
governed by Bragg’s law211 given
by:
nλ= 2dsin(θ)
where d is the interplanar distance or d‐spacing, θ is the scattering angle, λ is the
characteristic wave length and n is an integer. Figure 2.10 shows the schematic of the x‐
ray diffraction where the diffracted rays interfere. For conventional XRD we use
diffractometer based on the Bragg‐Brentano geometry

212

in which both the incident

angle () and the detector angle (2) are varied normal to the thin film sample. Here, x‐
ray diffraction (XRD) was performed on thin films using a Bruker D8 Advance
instrument. During XRD characterization a scan speed of 1 degree/min was
accomplished by a lock coupled method.
Figure 2.11 shows a representative XRD pattern of a C16TAB templated silica thin film.
Diffraction peaks are obtained due to the periodic order in the mesostructure. If there is
a long range order in the material then multiple peaks due to higher order reflections
can be seen. From the relation between these peaks one can assign the different
crystallographic structure for the materials. For example, in the case of 2D hexagonal
phase, the d‐spacing ratios for (100), (110), (200), (210) and (300) planes would be
expected to follow the sequence 1: 1/√3: 1/√4: 1/√7: 1/√9. On the other hand, for the
Ia3d cubic phase, the d‐spacing ratios for the (211), (220), (321), (400), (420), (332) and
(422) planes would be expected to follow the sequence 1/√6: 1/√8, 1/√14: 1/√16:
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1/√18: 1/√20.128, 213 Unfortunately, in Figure 2.11 we can see only two peaks due to the
orientation of the mesophase in the thin film. These peaks can either be indexed as the
(100) and (200) planes of the 2D hexagonal phase, or indexed as the (220) and (400)
planes of the Ia3d cubic phase. To make a final assignment, other techniques such as
grazing incidence small angle x‐ray scattering or transmission electron microscopy are
needed. XRD results will be discussed in more detail in Chapter 5.

2.6.2. Grazing incidence small angle x‐ray scattering (GISAXS)
GISAXS is a very powerful technique to characterize the structure of the meso‐ or nano‐
scopic objects at surfaces or in thin films. It is based on the combination of small angle x‐
ray scattering and grazing incidence diffraction principles

214, 215

. Figure 2.12 shows a

schematic of the GISAXS experiment geometry in which α is the incidence angle, β is the
exit angle, and ϕ is the scattering angle in the surface plane. qy and qz are the scattering
vectors in the 2D detector. The incidence angle α is close to the critical angle (the angle
at which total external reflection of the x‐ray beam occurs) of the sample material and
by varying the incidence angle we get the structure property information along the
thickness of our materials. Because it is a nondestructive technique sensitive to
orientation and structure changes, GISAXS was an important tool for in‐situ studies the
transformation mechanism of surfactant templated titania thin films in Chapters 7 and
8.
All of the In‐situ GISAXS experiments were done at the Advanced Photon Source at
Argonne National Laboratory on beamline 8‐ID‐E using a wave length of 1.687 Å and a
sample‐detector distance of 1040 mm. Aged samples were placed on a sample holder
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which was connected with heating coils and then heated to a desired final calcination
temperature with different ramp rates.

After reaching the final calcination

temperature, all samples were kept at that temperature during in situ GISAXS
measurements. The heating device used was a stainless steel block with a temperature
controller. The thermocouple used for temperature control was placed on the titania
film as close as possible to the sampled area without interfering with the scattering. A
GISAXS pattern was collected at room temperature before heat was turned on and
again after the final temperature was attained, at which point the sample was realigned.
In‐situ data were collected with a Pilatus 1M pixel array detector using a 1 sec exposure
time. Images were corrected for detector nonuniformity and converted to q‐space
using the GIXSGUI package for Matlab. Figure 2.13 shows the GISAXS pattern of the
titania thin films with oriented pores. This particular sample shows Bragg rods on both
sides o the beam stop consistent with vertically aligned columnar pores, but different
diffraction patterns will be discussed in more detail in Chapters 7 and 8.
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Figure 2.1. 1D 1H NMR spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant
concentration 30 mM).
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Figure 2.2. COSY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicating coupling between protons are numbered
and will be discussed in Chapter 3.
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Figure 2.3. HSQC spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Numbered peaks represent directly bonded 1H‐13C pairs and
their assignment will be discussed in Chapter 3.
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Figure 2.4. 2D NOESY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant

concentration 30 mM). Numbered cross peaks indicate NOE correlations and will be
discussed further in Chapter 3.
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Figure 2.5. 1D NOE spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant

concentration 30 mM). The ammonium methyl protons (NCH3) were irradiated to give
the NOE spectrum (top) which can be compared to the regular 1D spectrum (bottom) to
identify correlated protons. In this case, only ’a,b protons are correlated with NCH3
protons (see Chapter 3 for details).
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Figure 2.6. Pyrene fluorescence emission intensity ratio I1/I3 vs. total surfactant

concentration for DeTAB/C12G1 at 50 °C. 1:1 overall ratio of surfactants was used.
Arrows denote the mixed cmc value.
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Figure 2.7. Flourescence emission spectra of pyrene in DeTAB/C12G1 1:1 mixture in
water with different hexadecylpyridinium chloride quencher concentrations (indicated
in the legend).
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Figure 2.8. Determination of aggregation number: Linear fitting of ln(I0/I) vs. [Q] for
DeTAB/C12G1 1:1 mixture at 50 °C where I0 and I are the fluorescence intensities in the
absence and presence of the quencher respectively. [Q] is the quencher concentration
which was varied from 0 mM to 0.8 mM.
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Figure 2.9. Representative FT‐IR absorbance spectrum of a silica thin film on a silicon
wafer which is templated with a 10:1 ratio of C16TAB to C8G1. The film was aged for 7
days at 20 °C under a relatively humidity of 45% prior to measuring this spectrum.
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Figure 2.10. Schematic of x‐ray diffraction. The diffracted rays from two planes exhibit
constructive interference when the extra distance traveled by incident photons along
the two illustrated vectors is equal to an integer of the x‐ray wavelength used.
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Figure 2.11. XRD pattern of C16TAB templated silica films (after extraction) aged at
room temperature (23 °C) and 45 %RH for 7 days.
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Figure 2.12. Schematic of the GISAXS experiment geometry.

52

Figure 2.13. GISAXS pattern of unsandwiched titania thin film after aging at 4 °C for 2 h and just
after reaching final calcination temperature 500 °C. The films are oriented horizontally (in the xy
plane) relative to the incident beam for this experiment.
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CHAPTER 3
NMR Studies Suggest an Inverted Micelle‐in‐Micelle
Configuration in Cationic/Carbohydrate Surfactant Mixtures
3.1. Summary
Nuclear magnetic resonance is applied to investigate the relative positions and
interactions between cationic and non‐ionic carbohydrate‐based surfactants in mixed
micelles with D2O as the solvent. This is accomplished using relaxation measurements
(analysis of spin‐lattice relaxation (T1) and spin‐spin relaxation (T2) parameters) and
nuclear Overhauser effect spectroscopy (NOESY). This study focuses on the effects of
the structure of the carbohydrate headgroup (glucopyranoside vs. xylopyranoside (X)) of
carbohydrate surfactants with fixed hydrocarbon chain length (octyl) on interactions
with a cationic surfactant (hexadecyltrimethylammonium bromide, or C16TAB). While
the interactions between carbohydrate and cationic surfactants are thermodynamically
favorable, the NOESY results suggest that both of the sugar head groups are located
preferentially at the interior core of the mixed micelles, so that they are not directly
exposed to the bulk solution.

The more hydrophilic sugar headgroups of the

glucopyranoside surfactant (C8G1) have more mobility than sugar heads of C8X1 due to
increased hydration. Here for the first time an inverted carbohydrate configuration in
mixed micelles is proposed and supported by fluorescence spectroscopy experiments.
The invert carbohydrate configuration in mixed micelle would limit the use of these
mixed surfactants when access to the carbohydrate headgroup is important, but may
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present new opportunities where the carbohydrate‐rich core of the micelles can be
exploited.
3.2. Introduction
Carbohydrate‐derived surfactants (also known as sugar surfactants) are of sustained
interest because of their biocompatibility and applicability in the food and
pharmaceutical industries

216, 217

.

These surfactants also can be synthesized from

renewable resources, and thus represent a green alternative to petroleum‐based
surfactants

216

and a biodegradable value‐added product in a biorefinery context

218

.

Despite these advantages, intermolecular interactions among headgroups are strong
relative to other nonionic surfactants. This gives rise to features that may not be
desirable for some applications such as physicochemical properties (e.g. critical micelle
concentration or cmc) that depend on headgroup structure and anomeric form
clustering of headgroups at the micelle surface

219

,

220

, and formation of limited types of

lyotropic phases at room temperature 221.
To overcome many of these limitations, mixtures of carbohydrate surfactants with other
ionic and nonionic surfactants are frequently used. Carbohydrate/cationic surfactant
mixtures have been investigated in some detail and often exhibit favorable headgroup
interactions resulting in synergistic effects including cmc depression, enhanced
adsorption on silica, and formation of mixed vesicle structures

222

. In addition to

interfacial applications, carbohydrate surfactants have begun to be explored for
templating of ordered mesoporous materials
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. However, many monosaccharide

surfactants such as n‐octyl‐‐D‐glucopyranoside (C8G1) favor lamellar phases which are
unstable as templates 223. This problem can be overcome by adding a cationic surfactant
to favor the formation of stable hexagonal and cubic phases 67.
In spite of progress in the use of mixed carbohydrate/cationic surfactants for interfacial
and materials applications, further development requires detailed understanding of the
nature of the interactions between the headgroups in the mixed micelles. Much of the
current understanding of synergy and mixing in carbohydrate/cationic surfactant
systems is derived from bulk studies of micellization

222

. These studies are generally

interpreted using a pseudo‐phase separation model with an activity coefficient model
such as regular solution theory (RST)

68

. In RST, the interaction energy parameter β

describes the enthalpic interaction between the surfactants in a mixed micelle relative
to their interactions with themselves.  values of carbohydrate / cationic mixtures have
been reported that indicate favorable mixing ( < 0) for several commercially available
pairs of surfactants including C8G1 and hexadecyltrimethylammonium bromide (C16TAB)
224

. However, these values do not provide direct insight into the structural origins of the

interactions.
The current study uses NMR to determine molecular‐level interactions between
headgroups in mixed surfactants.

NMR was first applied to the study of

cationic/carbohydrate mixed surfactant systems by Somasundaran and coworkers

225,

226

, who identified sites of interaction between n‐dodecyl‐‐D‐maltoside and single‐

tailed and Gemini cationic surfactants. However, there has been no similar study
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focused on the effects of varying surfactant headgroup structure on the relative
positioning of surfactants in mixed micelles containing a simple single‐tailed cationic
surfactant. Here, NMR is used to study the relative position of sugar head groups in
mixtures consisting of alkyl glucopyranoside (CnG1 where n = the alkyl chain length) or
alkyl xylopyranoside (CnX1 where n = the alkyl chain length) surfactants mixed with
cationic surfactant C16TAB. The lyotropic phase behavior of C8G1 and C16TAB in water
were studied previously and it was found that silica materials could be synthesized with
similar long‐range structure by a nanocasting approach

67

. However, being able to

actually use the carbohydrate headgroup of the surfactant for complexation with
precursors during materials synthesis requires understanding its relative position within
mixed micelles. The molecular level positioning of surfactant headgroups in mixed
micelles of these systems will be understood by measuring T2 (spin‐spin relaxation)
parameters, T1 (spin‐lattice relaxation) parameters, and NOESY (nuclear Overhauser
enhancement spectroscopy) spectra.

3.3. Experimental
Cetyltrimethylammonium bromide (C16TAB) (technical grade, Acros Organics) and n‐
octyl‐‐D‐glucopyranoside (C8G1) (99+%, Affymetrix) were used as received. n‐Octyl‐‐
D‐xylopyranoside (C8X1) was synthesized in four steps from D‐xylose by benzoylation
with benzoyl chloride, bromination with HBr / AcOH, glycosylation with octanol in the
presence of Ag2CO3 and CaSO4, and hydrolysis with sodium methoxide / Dowex 50W×8‐
100 ion exchange resin. The final product, C8X1, was purified by recrystallization from
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hexane / acetone. The full characterization and purity of C8X1 is described by Xu et al
227

. All of the NMR samples were prepared by dissolving surfactant mixtures at the

desired concentration in D2O (100 atom% D, Fischer Scientific). The total surfactant
concentration was fixed at 30 mM in all samples. Pyrene, hexadecylpyridinium chloride
and 2‐naphthylboronic acid (Sigma‐Aldrich) were used as received.
NMR experiments were conducted using a 400 MHz or 600 MHz Varian Inova NMR
spectrometer at a fixed temperature of 50 °C maintained by a variable temperature (VT)
controller. This temperature was chosen because it is relevant to prior synthetic work
and because it is above the Krafft temperature of C8X1. Spin‐lattice relaxation (T1)
measurements were performed using inversion recovery and spin‐spin relaxation (T2)
measurements were performed using the CPMG spin‐echo method. Nuclear Overhauser
effect spectroscopy (NOESY) was performed using standard NOESY pulse sequence with
‘Z’ filter, and a 3D HSQC‐C13‐NOESY experiment for the C8G1 / C16TAB system was
performed using the gnoesyChsqc pulse sequence. Further details of the NMR
experiments are described in the SI Appendix C.
Fluorescence experiments were performed with a Varian Cary Eclipse fluorescence
spectrophotometer (Walnut Creek, CA) at room temperature. Pyrene was used as a
fluorescence probe for mixed cmc and aggregation number calculations, and emission
spectra were collected using an excitation wavelength of 335 nm. An aliquot solution of
pyrene dissolved in ethanol was transferred from stock solution to a beaker and the
solvent was evaporated with dry nitrogen. Surfactant mixtures dissolved in water were
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added according to the required concentrations. The pyrene concentration (0.001 mM)
was kept constant for every experiment. For mixed cmc measurements, the total
surfactant concentration was varied from 0.9 mM to 2.5 mM. For aggregation number
studies, the total surfactant concentration was fixed at 30 mM and hexadecylpyridinium
chloride (0‐0.8 mM) was used as a quencher. For carbohydrate fluorescence quenching
experiments, 2‐naphthylboronic acid was first dissolved in a water: DMSO 99:1 v/v
solution and then added to surfactant solution to maintain the probe concentration of
3.35×10‐3 mM and total surfactant concentration of 30 mM. Emission spectra were
collected using an excitation wavelength of 268 nm.
Dynamic light scattering experiments were performed using a Zetasizer Nano‐ZS
(Malvern Instrument Inc.) instrument which is equipped with a He‐Ne laser (4mW, 633
nm) as the light source. Samples were first filtered directly through a 0.2 μm syringe
filter into a 1 mL cuvette and then directly placed in the instrument. The samples were
at first equilibrated at 50 °C for 2 min before taking any measurements. The
measurements were obtained in triplicate and the average number‐weighted
hydrodynamic radii were reported with standard deviations.
3.4. Results & Discussion
C8G1 and C8X1 were selected as sugar surfactants in this study because they have the
same hydrocarbon tail (octyl), are the same type of enantiomer (D), and the same
anomeric form (). The only difference is that C8X1 has one less CH2O group, which
makes it less hydrophilic compared to C8G1 but otherwise structurally similar. To
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compare the two mixed surfactant systems, a fixed 1:1 molar ratio of the carbohydrate
surfactants with C16TAB was employed. Figure 3.1 shows the 1D 1H NMR spectra of
C16TAB / C8G1 and C16TAB / C8X1 surfactant mixtures with the molecular structures of
C16TAB and both carbohydrate surfactants. The labeling of the protons in all surfactants
is also provided. Because of the complexity of coupling interactions in carbohydrates,
the peaks in the spectra were assigned using gradient double quantum filtered
correlation spectroscopy (gDQFCOSY) and gradient heteronuclear single quantum
coherence (gHSQC) experiments (Supporting Information Appendix C, Figures C.1‐C.4).
The assignments for C16TAB / C8G1 mostly agree with the pure C16TAB and C8G1 system
228, 229

except that the resonance of the H5 proton of C8G1 and that of the α’a,b proton

of C16TAB overlap in this mixture.
The cmc of C16TAB is 0.9 mM 230, that of C8G1 is 25 mM 231) while C8X1 has a lower cmc
of 15 mM, measured at 50 °C via a spin‐lattice relaxation (T1) study (Supporting
Information Appendix C, Figure C.5). Solvatochromic fluorescence measurements using
pyrene as a probe were used to measure the mixed cmc for both C16TAB/C8G1 and
C16TAB/C8X1 mixtures. The mixed cmc values were found to be 1.71 mM and 1.61 mM
respectively for C16TAB/C8G1 and C16TAB/C8X1 1:1 mixtures (Supporting Information
Appendix C, Figure C.6). The total surfactant concentration was selected to be 30 mM to
stay well above the cmcs for each surfactant mixture so that the mixed micelle
composition would be close to the bulk composition.
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At the cmc, the mole fraction of each surfactant in mixed micelles and the interaction
parameter (β) were calculated using Rubingh’s implementation of
theory (RST)

68

regular solution

and at 30 mM, the composition of micelles was estimated using an RST

extension of Clint’s micelle partitioning model (Supporting Information Appendix C, Eq.
C1‐C2 and associated discussion). The results are summarized in Appendix C, Table C.1.
Thus the mole fraction of C16TAB in the 1:1 C16TAB/C8G1 mixture at the cmc is 0.96 and
the β value is ‐2.6, which agrees well with the values reported previously for this
mixture ( = ‐2.5 224). For the C16TAB/C8X1 1:1 mixture the mole fraction of C16TAB and β
value are 0.9 and ‐0.86, respectively. Thus, C8X1 has comparatively less favorable
interaction with C16TAB than C8G1. Although at the cmc the majority of the surfactant in
the mixed micelle is C16TAB in both cases, the composition of the micelles change as the
concentration exceeds the cmc. The mole fraction of C16TAB in both C16TAB/C8G1 and
C16TAB/C8X1 mixtures is calculated to be ~0.58 at 30 mM total surfactant concentration,
which is close to the bulk mole fraction in the surfactant mixture (0.5). Having a mole
fraction in the micelles close to 1:1 should give the greatest likelihood of observing
interactions between headgroups of the two surfactants.
The mean aggregation number (Nagg) of these surfactant mixtures was also measured
using steady state quenching of solubilized pyrene by hexadecylpyridinium chloride
(Supporting Information Appendix C, Figure C.7) and found to be 42 and 48 for
C16TAB/C8G1 and C16TAB/C8X1 respectively (fits are shown Supporting Information
Appendix C, Figure C.8). The hydrodynamic radii (Rh) of these surfactant mixtures was
also measured using dynamic light scattering and were found to be 0.4 nm and 0.41 nm
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for C16TAB/C8G1 and C16TAB/C8X1 respectively compared to 0.39 nm, 0.95 nm and 0.4
nm for pure C16TAB, C8G1 and C8X1 at 50 °C, respectively. Thus, the micelle sizes of
both surfactant mixtures are similar and consistent with their relatively small
aggregation numbers. The similarity of the sizes of all micelles suggests that they have
similar globular shapes. Interestingly, the sizes of the micelles measured for the pure
surfactants are relatively small compare to literature but most of these previous studies
were done at lower temperature or with salt additives.232,
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Increasing the

temperature and adding of salt have both been shown to decrease the size of micelles
due to a reduction in the driving force for aggregation of surfactants.232, 234, 235
Anyway, these micellization measurements together show that the cationic and sugar
surfactants mix favorably with almost equimolar concentration in the mixed micelles at
30 mM. Based on the 3D structure of the surfactants, one might therefore expect an
arrangement of surfactants in mixed micelles such as that shown schematically in Figure
3.2A where the sugar and cationic headgroups are located in the corona region and the
tails mix together in the micelle core. However, neither the precise radial positioning of
the sugar headgroups nor the validity of this structure are known, so NMR studies of
interactions and dynamics in the mixed micelles were conducted.
To understand the positions of the sugar headgroups relative to the aliphatic tail of
C16TAB in the mixed systems, 2D NOESY measurements were made for both surfactant
mixtures at 50 °C. Figure 3.3 shows the 2D NOESY pattern for a 1:1 C8G1 / C16TAB
mixture in D2O with a total surfactant concentration of 30 mM. Figure 3.3A shows the
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full NOESY spectrum with 600 ms mixing time whereas Figure 3.3B expands the region
containing correlations to the H1 proton of C8G1 from a NOESY collected using a 1000
ms mixing time (the full spectrum is Supporting Information Appendix C, Figure C.9). The
NOE mixing time was varied (from 900 to 1700 ms) to resolve discriminate among the
cross peaks associated with the protons having higher T1 values. All of the cross peaks
are numbered in Figure 3.3, and can be categorized according to the nature of the
interaction.

In Figure 3.3A, we see several sugar‐sugar and cationic‐cationic NOE

correlations (cross peaks 1‐11) enumerated in the figure caption. In addition to these
clear interactions among surfactants of the same type, there are another three cross
peaks (cross peaks 12, 13 and 14) in Figure 3.3A that can be either sugar‐cationic
interactions or sugar‐sugar interactions. The ambiguity arises because the chemical shift
of the α proton of C16TAB coincides with the chemical shift of the H5 proton of C8G1
(Figure 3.1). Cross peaks 12, 13 and 14 correlate the H3/H4 protons, H6A,B proton, and
H1 proton of C8G1 to the ambiguous α protons of C16TAB or H5 proton of C8G1. To
resolve this ambiguity, a 3D NOESY‐13C‐HSQC experiment was performed. This is an
advanced technique to clearly assign homonuclear 1H‐1H NOEs from a crowded region
with the help of differences in carbon chemical shifts assigned in the HSQC spectrum.
The carbon dimension of the HSQC permits identification of the nOes to Hs bonded to
the carbon of interest, in the associated 1H‐1H plane. As 13C the chemical shifts of the αC
of C16TAB and C5 of C8G1 are distinguishable, the 3D spectrum allows clear assignment
of the HH cross‐peak that cannot be resolved in the 2D spectrum.
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Figure 3.4 shows the NOESY plane of Hs bonded to the 13C H5 proton of C8G1, and the
corresponding plane of Hs bonded to the α protons of C16TAB is shown in Supporting
Information Appendix C, Figure C.10. Both contain some t1 noise, but no clear NOE cross
peaks associated with the α protons of C16TAB are seen in Figure C.10, whereas two
clear NOE cross peaks can be seen for the H5 protons of C8G1 in Figure 3.4. Cross peak 1
and 2 correlate the H5 proton of C8G1 to the H6A,B protons of C8G1 and H1 of C8G1,
respectively. These serve as positive controls indicating that our NMR experiment
succeeds in identifying Hs nearby. In fact, no correlations between sugar Hs and cationic
surfactant headgroup Hs could be detected although there are many sugar‐sugar
correlations evident in the NOESY patterns for the C16TAB/C8G1 mixture.

One

remaining possible correlation between the two types of surfactants would be between
the NCH3 protons of C16TAB with the sugar headgroup protons. A vertical steak appears
at the position of the NCH3 protons in Figure 3.3A due to t1 noise. To reveal possible
correlations, a 1D NOE spectrum was measured using excitation from the NCH3 protons
of C16TAB (Supporting Information Appendix C, Figure C.11 and associated discussion)
but no correlations with C8G1 headgroups were observed.
Additional correlations were revealed by adjusting the mixing time for NOESY to 1000
ms (Figure 3.3B). Cross peaks 15 & 16 correlate the H1 proton of C8G1 with α” protons
of C8G1 whereas cross peak 17 correlates H1 proton of C8G1 with β“A,B protons of
C8G1. Cross peak 18 correlates the H1 proton of C8G1 with the rest of the alkyl chain
protons (after the β position) of C16TAB or C8G1 while cross peak 19 correlates the H1
proton of C8G1 with ω protons of C16TAB or C8G1. Taken together, the NOESY results
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suggest that the headgroups of C8G1 are not associated with any C16TAB protons near
the headgroup, but instead are most strongly associated with other sugar headgroups
and tail protons. Thus despite synergistic mixing in the mixed micelles, some sort of
segregation is occurring so that the headgroups are not close together.
Analogous results were obtained for the other non‐ionic surfactant. Supporting
Information Appendix C, Figure C.12 shows the 2D NOESY spectrum for the C8X1 /
C16TAB surfactant mixture using the same mixing time as for Figure 3.3. As with the
C8G1 / C16TAB system, Figure C.12 also does not indicate any sugar‐cationic surfactant
interactions between C16TAB and C8X1 surfactant in micelles, although an increase in
the intensities of sugar‐sugar cross‐peaks indicates interactions among C8X1 surfactant
molecules (cross peaks 1‐7, 9 and 10; cross peak 8 correlates the α and β protons of
C16TAB). A set of cross peaks (11‐16) also correlates protons in the alkyl tails of C8X1 or
C16TAB with protons in or near the headgroups of the surfactants. The 1D NOEs
resulting from inversion of the NCH3 protons (Supporting Information Appendix C, Figure
S13 and associated discussion) also show no relaxation with sugar headgroups of C8X1
in the mixed system. Similar to the C16TAB/C8G1 mixture, the NOE mixing time was also
varied (900‐1700 ms) to seek cross relaxation with protons having higher T1 values, and
several extra instances were found between the H1 proton of C8X1 with the alkyl chain
of C8X1 or C16TAB (Supporting Information Appendix C, Figure C.14 and associated
discussion). Just as for C8G1, this is more consistent with sugar headgroups being
segregated near the alkyl groups of the tails rather than being packed with the
trimethylammonium headgroups. Hence, the representative schematic in Figure 3.2A is
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not consistent with the NOESY data for either sugar surfactant, and different
arrangements of the surfactants need to be considered.
Figure 3.2B shows an alternative configuration where the individual surfactant may exist
in a segregated form in the mixed micelle. The headgroups are both located in the
micelle corona, but demixing would be consistent with NOE correlations among sugars
but not between sugars and trimethylammonium. To investigate this possibility, spin‐
lattice relaxation (T1) studies were done for the C8X1/C16TAB and pure C8X1 micelle. The
hypothesis behind the measurements was that, if the micelle sizes were similar for pure
C8X1 and C16TAB/C8X1 mixtures and if the individual surfactants were segregated inside
the mixed micelle, then the protons of the sugar headgroup would have a similar
chemical environment to pure C8X1 micelles, and therefore similar mobility and T1
values. Table 3.1 shows the comparison of T1 values of C8X1 headgroup protons in a
pure 30 mM C8X1 solution and a 1:1 C8X1 / C16TAB mixture. The T1 values for C8X1
headgroup protons are consistently larger in the pure micelle compared to the mixed
surfactant system, which suggests reduced mobility in the former. This difference is due
to close packing of the headgroups in pure C8X1 micelles and implies that C8X1 in the
C16TAB/C8X1 mixture is not segregated into clusters of xylopyranoside headgroups that
behave the same as in a single‐surfactant micelle. Since C8G1 shows more favorable
mixing than C8X1 with C16TAB, the simple segregation picture in Figure 3.2B model does
not appear to be a reasonable structure for either system.
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Instead, because the NOE data show correlations between sugar headgroups and tail
protons, it is likely that the sugar headgroups aggregate together in inverted submicelles
within the tails of the mixed micelle. Based on the spherical symmetry of the micelle,
Figure 3.2C shows the most likely configuration where the sugar surfactants are inverted
in the mixed micelle so that the sugar head groups are segregated at the core of the
micelle. While it is initially not intuitive, this structure is consistent with all NOE
observations. To test this hypothesized headgroup arrangement, fluorescence
quenching experiments were done using 2‐naphthylboronic acid as a probe. Glucose has
been shown to quench this probe resulting reduction in fluorescence emission intensity
236

. Also the probe is nonpolar, so it is expected to be solubilized near the hydrophobic

tails so quenching can indicate the position of the sugar head groups relative to the
nonpolar micellar environment.
Figure 3.5 shows the emission spectra of naphthalene‐2‐boronic acid added to solutions
containing pure glucose, pure C16TAB, pure C8G1 and C16TAB/C8G1 mixtures. For all of
these conditions the total solute concentration was fixed to 30 mM to provide a basis
for comparison.

As expected, glucose quenches the probe to some extent, but

unfortunately, C16TAB also quenches the probe.

Still, the degree of quenching

decreases in the order C16TAB/C8G1 > C16TAB > C8G1 > Glucose. Since the total solute
concentration was kept constant for all cases, the degree of quenching of the probe by
the C16TAB/C8G1 mixture would have been expected to fall between the quenching
observed separately by C16TAB and C8G1 if quenching were only caused by interactions
between the probe and headgroups located at the corona of the micelles. Instead, the
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C16TAB/C8G1 mixture displays the greatest degree of quenching. Similar results were
found as probe concentration was increased (Supporting Information Appendix C, Figure
C.15 and associated discussion). This extra quenching in the C16TAB/C8G1 mixture is
consistent with the structure shown in Figure 3.2C, where partial solubilization of the
probe in the tails of the micelles provides intimate contact with the headgroups of the
inverted C8G1 surfactants, and therefore enhanced quenching. The same probe was
used for experiments with xylose, but unfortunately no quenching was observed.
As an additional probe of the local microenvironment in which sugar head groups are
located in C16TAB/C8G1 and C16TAB/C8X1 mixed micelles, spin‐lattice (T1) and spin‐spin
(T2) relaxation measurements were done. For small molecules with rapid tumbling, the
dependence of T1 and T2 on molecular mobility is the same, but for low rates of motion
T1 follows the opposite trend from T2: as the rate of motion decreases, T1 is expected to
increase due to slow tumbling while T2 decreases 237. Also, because C8G1 and C8X1 are
compared at equal mixing ratios with C16TAB and at the same concentration, the
concentration of monomeric surfactants is expected to be approximately equal since all
micelle parameters in Table 3.1 are similar. Therefore, observed differences in T1 and T2
are most likely due to differences in the micellar contribution that arises from
differences in the location and hydration of the saccharide headgroup.
Table C.2 compares T1 and T2 values for select headgroup protons of C8G1 / C16TAB and
C8X1 / C16TAB mixtures. The selected protons are in comparable positions in both sugar
surfactants and free from any ambiguity due to contributions to the decay profile from

68

protons in different chemical environment. For the sugar surfactants, T1 values are
consistently smaller and T2 values are consistently larger for the C8G1 mixture
compared to the C8X1 mixture. T2/T1 ratios are considered to be a summative measure
of “degree of restricted motion”, where small values indicate more restriction 225, 226. A
greater value is found for sugar headgroup protons of C8G1 than C8X1. As examples,
for H6 of C8G1, T2/T1 = 0.118±.016 vs. 0.016±.006 for H5 of C8X1. For H1 protons,
values of 0.027±.006 for C8G1 and 0.015±.003 for C8X1 are found. For H3/H4 of C8G1,
T2/T1 = 0.088±.013, while for H3 of C8X1 it is 0.065±.011 All of these comparisons
indicate greater mobility of sugar head groups inside of the micelle for C8G1 / C16TAB
compared to C8X1 / C16TAB. Assuming that both systems have the inverted sugar
surfactants illustrated in Figure 3.2C, this is best explained by differences in hydration of
the sugar head groups. Because C8G1 is more hydrophilic than C8X1, it pulls more water
into the inverted core of the micelle, thus giving greater mobility to the headgroups
than for C8X1.
While the hypothesized C8G1‐in‐CTAB micellar configuration in Figure 3.2C has not been
proposed previously for mixed sugar / cationic surfactant systems, there is some
literature precedent that supports this concept, and it may actually help to explain prior
observations in the biophysics literature. First, Warner et al. reported an octanol‐water
partition coefficient Kow

238

corresponding to a free energy for transfer from water to

octanol at 298 K of ‐RTln(Kow) = ‐11.1 kJ/mol. For comparison, the free energy for
micellization of C8G1 is RTln(cmc) = ‐9.1 kJ/mol. Therefore, transfer of C8G1 completely
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into a nonpolar environment is thermodynamically preferable to forming micelles,
which is consistent with partitioning into the nonpolar core of CTAB‐based micelles.
In the context of biophysics, C8G1 is a common detergent for dispersion of proteins and
lipids, and Wenk et al. reported that C8G1 readily partitions into lipid bilayers and is able
to access both inner and outer leaflets

239

. These and similar results from the Seelig

group are consistent with the concept of partitioning of C8G1 into micelles or bilayers
formed by a host surfactant with highly polar headgroups

240

, so the novel suggestion

here is that glucoside headgroups are “buried” in a sugar‐rich core rather than being
mixed with the headgroups of the host surfactant.

Observations of C8G1 / lipid

structure support this idea. 2H NMR measurements showed that C8G1 disrupts lipid tail
segments without disrupting lipid headroup interactions

239

, which is more consistent

with Figure 3.2C than the more conventional picture in Figure 3.2A Structural studies
have shown that addition of C8G1 favors the formation and stabilization of lamellar /
bilayer structures over lipid mesophases with greater curvature such as hexagonal and
bicontinuous cubic

241

. If C8G1 partitions near the corona of the lipids, the packing

parameter should be reduced, which would favor higher‐curvature mesophases 242. The
actual effect can be rationalized by a secondary effect of C8G1 on the packing of lipid
tails

241

, but a more direct explanation is that C8G1 partitions near the tails and

therefore increases the packing parameter to favor lamellae. In addition, C8G1 in
lyotropic mesophases has been shown to be hydrated by only 1.6‐1.7 water molecules
per sugar headgroup, suggesting strong hydrogen bonding interactions among
headgroups rather than with water

243

.

Thus, a reasonable driving force for the
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headgroups to retreat to the interior of micelles would be to facilitate hydrogen
bonding among sugar headgroups. Thus, while the micelle‐in‐micelle picture proposed
here is new, both the tendency of C8G1 to partition into bilayers and the strong
hydrogen bonding among headgroups support the picture, and suggest that these
interactions may help C8G1 to favor lipid bilayers at low concentrations.
Finally, the segregation of headgroups between the interior and exterior of surfactant
aggregates is a familiar concept in asymmetric lipid vesicles and several synthetic
strategies have been developed to prepare such asymmetric structures

244, 245

.

Computational studies of mixed micelles have focused on differences in structure for
synergistic vs. antagonistic interactions between headgroups, and have shown the
possibility that headgroup‐headgroup interactions can lead to headgroup segregation
within micelles, or complete micelle phase separation 246, 247. However, the structure in
Figure 3.2C is most likely driven not by antagonistic headgroup‐headgroup interactions
but a preference of trimethylammonium headgroups for water compared to
glucopyranoside, and the tendency for hydrogen bonding among the glucopyranoside
headgroups. When one headgroups favors the bulk solvent more than the other,
segregation between inner and outer leaflets of vesicles and quasi‐vesicles has been
predicted computationally

248, 249

. Thus, spontaneous assembly due to differences in

solvent headgroups and inter‐headgroup interactions may drive the formation of the
structure in Figure 3.2C, which is like a very small asymmetric vesicle or quasi‐vesicle.
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3.5. Conclusions
A detailed study of headgroup interactions in mixed cationic and sugar‐based
surfactants was performed using fluorescence probe measurements and NMR
experiments including spin‐lattice (T1) relaxation, spin‐spin (T2) relaxation and 2D NOESY
measurements. The results suggest a new type of mixed micelle structure in which the
carbohydrate surfactant is inverted with its head towards the core of the micelle in a
structure similar to a very small asymmetric vesicle. While it is clear that both octyl
glucoside (C8G1) and xyloside (C8X1) surfactants mix favorably with C16TAB as indicated
by a negative apparent interaction parameters (β), no protons of the sugar and cationic
head groups were located close enough together to induce detectable nuclear
Overhauser effect (NOE). Instead of interacting with the cationic head group, sugar head
groups were found to interact with other sugars and with the surfactant tails. After
ruling out phase separation among headgroups based on relaxation measurements, the
most consistent model of these mixed micellar systems has the sugar surfactants in an
inverted configuration in the core of the mixed micelles. The hypothesized was further
tested using fluorescence quenching experiments where enhanced quenching of a
boronic acid fluorescent probe was observed due to the confinement of the sugar heads
near the micelle core. The inverted mixed micelle structure is driven by the difference in
interaction forces between the surfactant heads and the polar surrounding may
contribute to this inverted carbohydrate configuration. Because the columbic
interaction force between the cationic heads with the surrounding water is stronger
than the hydrogen bonding forces between the non‐ionic sugar head and the
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surrounding water, the carbohydrate heads prefer to stay near the core of the mixed
micelle. While studies of C12G2 with a variety of cationic surfactants have been
reported and show that the two glucose groups “straddle” the cationic headgroup 226, a
completely different architecture is shown to be active in this case. We also have shown
the mobility of the sugar head of C8G1 has increased significantly compare of sugar
head of C8X1 in mixed micelle due to differences in hydration in the core. Prior
investigations of solubilization and structure of C8G1 mixtures with lipids are consistent
with the hypothesized structure and it is hoped that this investigation will inspire new
studies that investigate this possibility in lipid‐based systems.
This study has provided new insights into the 3D structure of synergistic cationic / sugar
surfactant micelles, and suggests that the hydroxyl groups of C8G1 and C8X1 should not
be directly accessible for interaction with the bulk solution.

This has negative

implications for applications that rely on interactions with the sugar headgroups at the
micelle surface (such as complexation with functional groups during materials synthesis)
and suggests that new approaches will be needed to tune surfactant structures so that
sugar surfactants are accessible at the micelle surface. However, work is underway to
understand how the structure of pairs of cationic and sugar surfactants can be tuned to
encourage the sugars to move to the exterior of the micelle, and this will be submitted
in the near future.
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Table 3.1. Comparison of T1 values of headgroup protons in C16TAB/C8X1 and pure C8X1
micelles.
Surfactants
C16TAB/C8X1
Pure C8X1
C16TAB/C8X1
Pure C8X1
C16TAB/C8X1
Pure C8X1

Protons
H5A
H5A
H2,H5B
H2,H5B
H1
H1

T1 (ms)*
695±18
1120±50
1000±60
2780±10
1110±40
1490±38

C16TAB/C8X1 H3
1730±31
Pure C8X1
H3
2700±110
*
Intervals are ± the 95% confidence interval calculated using the standard error for the
parameter.
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Figure 3.1. 1D 1H NMR spectrum of 1:1 (A) C16TAB/C8G1 and (B) C16TAB/C8X1 in D2O at

50 °C (total surfactant concentration 30 mM), with Molecular structures of (A) C16TA+
and C8G1 (B) C16TA+ and C8X1, determined by geometry optimization using the PM3
semiempirical molecular orbital method. The labeling of the protons in these structures
will be used in the discussion of the NMR spectra.
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Figure 3.2. Schematic diagram showing relative position of head groups in three possible mixed
micelles of C16TAB and C8G1: (A) ideal mixed headgroup configuration based on the 3D
geometry of the micelles and favorable interactions between headgroups, (B) segregated model
where glucoside groups cluster in the corona, and(C) inverted carbohydrate model where the
glucoside groups cluster in the core of the micelle.
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Figure 3.3. 2D NOESY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant

concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. Fig. 3A indicates several
sugar‐sugar or cationic‐cationic surfactant NOE correlations using 600 ms mixing time
(cross peak 1) H6A & H6B proton; 2) α”A & α”B proton; 3) H3/H4 & H6A,B proton; 4) H3/H4
& H2 proton; 5) H1 & H2; 6) α’a,b & β’a,b; 7) α”B & β”A,B; 8) α”A & β”A,B; 9) β”A,B & (CH2)m+n;
10) α’a,b & (CH2)m+n; 11) (CH2)m+n & ω’/ω”; 12) α’a,b,H5 & H3/H4 proton; 13) α‘a,b,H5 &
H6A,B proton; and 14) α‘a,b,H5 & H1 proton). Fig. 3B indicates several alkyl tail
correlations with the H1 proton of C8G1 using a 1000 ms mixing time (cross peak 15) H1
& α“A; 16) H1 & α“B; 17) H1 & β“A,B; 18) H1 & (CH2)m+n; 19) H1 & ω‘/ ω“ proton.
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Figure 3.4. 1H‐1H NOESY plane for the C5 carbon of C8G1 taken from the 3D HSQC‐C13‐

NOESY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant concentration 30
mM). The spectrum shows two cross peaks (circled in blue) below the diagonal peak (H5
proton of C8G1, red contours), indicating sugar—sugar NOE correlations between (cross
peak 1) H5 & H6A,B protons and (cross peak 2) H5 & H1 protons.
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Figure 3.5.

Fluorescence emission spectra of 2‐naphthylboronic acid in glucose and

different surfactant solution. Fluorescence intensity reduces in the order of glucose>
C8G1> C16TAB> C16TAB/C8G1. Total surfactant or glucose concentration was fixed to 30
mM.
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CHAPTER 4
Tuning the position of head groups by surfactant design in mixed
micelles of cationic and carbohydrate surfactants
4.1. Summary
The accessibility of the head group of carbohydrate surfactants within mixed micelles
with trimethylammonium‐based cationic surfactants in D2O was investigated using
nuclear magnetic resonance (NMR) spectroscopy. The dynamics of different parts of the
surfactants were probed using relaxation measurements (analysis of spin‐lattice
relaxation (T1) and spin‐spin relaxation (T2)), and relative positioning by nuclear
Overhauser effect spectroscopy (NOESY).

Additional micellar properties were

determined using fluorescence spectroscopy with solvatochromic probes. The central
question being studied was how to improve accessibility of the carbohydrate head
group compared to mixtures of hexadecyltrimethylammonium bromide (C16TAB) and
octyl ‐D‐glucopyranoside (C8G1). Previous NMR measurements have shown that the
glucose headgroups in this mixed micelle system are located in aggregates in the
interior of the micelle rather than being accessible at the corona.

Improving

accessibility was attempted by designing surfactants either to “push out” the headgroup
by adjusting the relative lengths of the alkyl tails of the cationic and carbohydrate
surfactants, or to “pull out” the carbohydrate headgroup by varying the polarity of the
linker between the carbohydrate and alkyl tail in the sugar‐based surfactant. The results
show that matching the surfactant chain lengths is not an effective strategy to “push
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out” the carbohydrate head group due to a large mismatch in interaction forces
between cationic headgroup vs. carbohydrate head groups with D2O. In the most
extreme example of this, when the cationic chain length (in C10TAB) is less than the
carbohydrate surfactant chain length (C12G1), slow relaxation dynamics are observed
due to the headgroups being buried within very rigid micellar aggregates. However,
tuning the headgroup polarity to “pull out” the carbohydrate is found to be effective.
This is done by replacing the ester linkage (e.g. in n‐octyl‐‐d‐xylopyranoside) with a
triazole linkage formed using click chemistry. The polarity of the triazole linkage pulls
the carbohydrate to the exterior of the micelle, as indicated by direct NOE correlations
between triazole and carbohydrate protons and protons near the cationic headgroup.
These finding will help to design new combinations of surfactants based on click
chemistry in which the sugar headgroup is accessible to a polar medium in mixed
micelles with cationic surfactants.
4.2. Introduction
In recent years, carbohydrate‐based surfactants (a.k.a. sugar surfactants) have drawn
attention in the interfacial science community due to their environmentally friendly
properties including being derived from renewable sources 250‐253, low toxicity 227, 254‐256
and biodegradability

257, 258

. Because of these properties, sugar surfactants have

tremendous potential for food

259

, alternative fuel

260

and pharmaceutical

applications261. Despite these advantages, the application of these carbohydrate
surfactants is often limited by their heavily hydrated non‐ionic head groups which form
clusters due to very strong intermolecular interactions among themselves262. These
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strong inter‐headgroup interactions lead to high Krafft temperatures

65

, slow lateral

diffusion in micelles 263, and the formation of limited types of lyotropic phases at room
temperature264 which constrain their applications.
Limitations in interfacial properties are often addressed by mixing sugar surfactants
with other ionic or nonionic surfactants

265, 266

. Mixtures of cationic and carbohydrate

surfactants have been investigated extensively due to favorable synergistic effects such
as decreased critical micelle concentration (cmc), surface tension and Krafft
temperature; and increased colloidal stability relative to individual surfactants 267‐269. In
addition to the classic interfacial applications, an emerging application of carbohydrate
surfactants is as templates for ordered mesoporous materials

270‐272

. However, many

carbohydrate surfactants such as n‐octyl‐‐D‐glucopyranoside (C8G1) favor lamellar
phases and are difficult to use to template stable mesophases such as the columnar
hexagonal phase272. This problem can also be overcome by adding cationic surfactant to
combat strong hydrogen binding among carbohydrate headgroups to favor the
formation of hexagonal and cubic phases 67, 273.
Although mixing with cationic surfactant solves problems related to strong clustering of
sugar surfactants, it also creates one big uncertainty: the accessibility of the
carbohydrate head group. Having accessible carbohydrate head groups is crucial in
several applications including molecular imprinting

274

. The process of molecular

imprinting creates molecular binding sites in a stable framework (such as a metal oxide)
with specific size, shape and functional group arrangement complementary to the target
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molecule

275‐278

. In order to create molecular imprinted sites in mixed surfactant‐

templated metal oxides, it is necessary to have the carbohydrate head group located
slightly outside of the corona region of mixed micelles in order to interact with metal
oxide precursors to create binding sites for molecular imprinting. For this and other
mixed surfactant applications, a detailed understanding of the nature of the interactions
between the headgroups in mixed micelles is needed.
Previous studies of mixed micelles, including carbohydrate/cationic mixtures, focused
primarily on bulk thermodynamic measurements. Different models have been used to
describe the mixed micellization, most commonly the pseudo‐phase separation model in
which micelles are treated as a separate phase that remains in dynamic equilibrium with
the solvated monomer phase

279

. Nonideal mixing in micelles can be explained in this

context by the regular solution theory (RST) model

69, 280

. According to RST, the

interaction energy parameter β describes the interaction between the ionic and non‐
ionic surfactants in mixed micelles

68, 95

where more negative values of β signify more

favorable interaction between the two surfactants

265, 281

. These parameters can be

estimated from bulk micellization experiments for mixed micelle systems, but they do
not provide direct information about the interaction sites between the surfactants.
Structural characterization of mixed micelles has been performed using a variety of
techniques including nuclear magnetic resonance (NMR), small‐angle neutron scattering
(SANS) and fluorescence spectroscopy to determine the size, shape, aggregation
number and interaction sites in mixed micelles
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122, 282‐285

. Among these, NMR has the

unique ability to give molecular level information about the interactions between
headgroups in mixed surfactants. NMR was first applied to the study of
cationic/carbohydrate mixed surfactant systems by Somasundaran and coworkers, who
identified sites of interaction between n‐dodecyl‐‐D‐maltoside and single‐tailed and
Gemini cationic surfactants

286,

287

.

Our previous study shows that when

monosaccharide surfactants such as n‐octyl‐‐D‐glucopyranoside (C8G1) or n‐octyl‐β‐D‐
xylopyranoside are mixed with cetyltrimethylammonium bromide (C16TAB), the
carbohydrate head groups aggregate into clusters within the micelles, and most likely
point toward the core of the mixed micelle. This makes the carbohydrate head totally
inaccessible for molecular imprinting. To make the glucose or xylose head group
accessible we propose two hypotheses: first, that matching the cationic and
carbohydrate surfactant tail lengths can “push out” the sugar headgroup to the exterior
of the mixed micelle. The second hypothesis is that matching the interaction forces of
carbohydrate and cationic head groups with the polar medium can be used to “pull out”
the sugar head group. To test the latter, a carbohydrate surfactant with a triazole linker
will be mixed with a cationic surfactant and compared to a carbohydrate surfactant with
an ester linker. The triazole linker is expected to provide dipolar interactions between
the carbohydrate head and cationic surfactants or the sounding polar medium.
Here, the relative position of sugar head groups in cationic‐carbohydrate mixed micellar
systems will be investigated using NMR as a function of structural parameters selected
with the intention of moving the sugar headgroups out of the core of the micelle.
Additional micellar properties (cmc and aggregation number) will be studied using
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fluorescence

spectroscopy.

The

carbohydrate

surfactant

n‐dodecyl‐‐D‐

glucopyranoside (C12G1) (with an ester linkage) will be mixed with cationic surfactants
of varying tail chain length including cetyltrimethylammonium bromide (C16TAB),
dodecyltrimethylammonium bromide (C12TAB), and decyltrimethylammonium bromide
(C10TAB).

The accessibility of the sugar head will also be studied in the case of

carbohydrate surfactant n‐octyl‐β‐D‐triazole‐xylopyranoside (C8XT1) mixed with C16TAB.
The molecular level interactions between the surfactants in mixed micelles of these
systems will be understood by measuring T2 (spin‐spin relaxation) parameters, T1 (spin‐
lattice relaxation) parameters, and NOESY (nuclear Overhauser enhancement
spectroscopy) spectra with the goal of testing hypotheses about the effects of sugar
surfactant architecture on headgroup location.
4.3. Experimental
Cetyltrimethylammonium bromide (C16TAB), dodecyltrimethylammonium bromide
(C12TAB) and decyltrimethylammonium bromide (C10TAB) (all technical grade, Acros
Organics) and n‐dodecyl‐‐D‐glucopyranoside (C12G1) (99+%, Affymetrix) were used as
received. n‐octyl‐β‐D‐triazole‐xylopyranoside (C8XT1) was synthesized using click
chemistry according to the procedure described by Oldham et al.288. All of the NMR
samples were prepared by dissolving surfactant mixtures at the desired concentration in
D2O (100 atom% D, Fischer Scientific). The total surfactant concentration was fixed at
30 mM in all samples. Pyrene and hexadecylpyridinium chloride (C16PyCl, Sigma‐Aldrich)
were used as received.
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NMR experiments were conducted using a 400 MHz spectrometer at a fixed
temperature of 50 °C maintained by a variable temperature (VT) controller.

One‐

dimensional 1H NMR spectra were acquired using the Varian s2pul pulse sequence with
32 scans and 3 sec delay (d1) between pulse sequences for each sample. Spin‐lattice
relaxation (T1) measurements were performed using the INVREC (inversion recovery)
pulse sequence with 15 sec delay (d1) between pulse sequences. Spin‐spin relaxation
(T2) measurements were performed using the CPMGT2 (Carr‐Purcell‐Meiboom‐Gill

289,

290

) pulse sequence with a 40 sec delay (d1) between pulse sequences. Nuclear

Overhauser effect spectroscopy (NOESY) was performed using standard NOESY pulse
sequence with ‘Z’ filter

291

(to remove artifacts due to through bond magnetization

transfer mechanism). Unless otherwise indicated, a mixing time of 600 ms was chosen
by matching with the shortest T1 value among all protons to observe every possible NOE
correlation. A delay of 3 sec (d1) between pulse sequences and, for 2D spectra, a
resolution of 512×512 pixels were chosen. Fitting to determine T2 parameters in some
experiments was done using nonlinear regression with Sigma Plot 11.
Fluorescence experiments were performed using a Varian Cary Eclipse fluorescence
spectrophotometer (Walnut Creek, CA) at room temperature. Pyrene was used as a
fluorescence probe for mixed cmc and aggregation number calculations, and emission
spectra were collected at an excitation wavelength of 335 nm. An aliquot solution of
pyrene dissolved in ethanol was transferred from stock solution to a beaker and the
solvent was evaporated with dry nitrogen. Surfactant mixtures dissolved in water were
added according to require amount. The pyrene concentration (0.001 mM) was kept
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constant for every experiment (both cmc and aggregation number measurements). For
mixed cmc measurements, the total surfactant concentration was varied from 0.9 mM
to 2.5 mM. For aggregation number studies, the total surfactant concentration was
fixed at 30 mM. C16PyCl was used as a quencher for aggregation number studies and its
concentration was varied from 0 mM to 0.8 mM.
4.4. Results & Discussion
Figure 4.1 compares the molecular structures of CnTAB (n = 16, 12 or 10) and C12G1 as
determined by geometry optimization using the PM3 semiempirical molecular orbital
method. The labeling of the protons in all surfactants is also provided in Figure 4.1. To
check the accessibility of the sugar head in the three mixed surfactant systems, a fixed
1:1 molar ratio of the cationic surfactants with C12G1 was employed at a temperature
of 50 °C (for comparison to prior mixing measurements with C16TAB and C8G1). The cmc
of C16TAB, C12TAB and C10TAB are 0.9 mM

230

, 15 mM

285

and 65 mM

292

respectively

whereas the cmc of C12G1 is 0.13 mM 224. Fluorescence measurements using pyrene as
a probe were used to measure the mixed cmc for CnTAB/C12G1 mixtures. Figure 4.2
shows the ratio of two pyrene fluorescence emission bands appearing at 374 nm (I1) and
387 nm (I3) vs. the total surfactant concentration where the change in slope suggests
micelle formation. The break point in each plot is considered to be the cmc of the
mixture, which is 0.19 mM, 0.26 mM and 0.42 mM for C16TAB/C12G1, C12TAB/C12G1
and C10TAB/C12G1 respectively. The total surfactant concentration was selected to be
30 mM to stay well above the mixed cmc for each surfactant mixture so that the mixed
micelle composition would be close to the bulk composition.
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At the cmc, the mole fraction of each surfactant in mixed micelles and the interaction
parameter (β) can be calculated using Rubingh’s implementation of regular solution
theory (RST)

68

. These are found by first solving Eq. (1) for X1 (the mole fraction of

cationic surfactant in the mixed micelle) and then using this value to calculation using
Eq. (2):

1



(1)

=

(2)

where 1 = mole fraction of cationic surfactant in overall solution, cmc1 = critical micelle
concentration of the cationic surfactant, cmc2 = critical micelle concentration of C12G1
and cmc = critical micelle concentration of the C12G1/cationic surfactant mixture.
Using Eq. 1 and 2 with the values from Figure 4.2, the mole fraction of C16TAB in the 1:1
C16TAB/C12G1 mixture at the cmc is 0.22 and the β value is ‐1.2, which is somewhat low
compared to the value reported previously for this mixture ( = 0.5)

224

. Negative β

value means there is a favorable interaction between the two surfactants, and the
increase in the value relative to C16TAB/C8G1 suggests less favorable interactions

293

.

For C12TAB/C12G1 and C10TAB/C12G1 mixtures, Rubingh’s method is difficult to apply
because the cmc of the mixture is greater than cmc2/2 which makes Eq. (1) very
sensitive to X1. Little precision is expected, but for both systems X1 is significantly less
than 0.01, which gives  > 100 for C12TAB/C12G1 and >1000 for C10TAB/C12G1. The
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huge variation in cmc between the surfactants makes these numbers difficult to
measure with any precision, but the results suggest that mixing with C12G1 becomes
less favorable as the cationic chain length decreases. Because of the breakdown of
Rubingh’s model, the model‐independent approach described by Bergström et al.

294

was used to calculate the synergistic parameter Bergström = 4ln(a1+a2) where a1 =
1*cmc/cmc1 and a2 = (1‐1)*cmc/cmc2. These values are reported in Table 1 as well
and, while they do not agree with literature results calculated using Rubingh’s model,
they do show that the system moves from synergism (Bergström = ‐0.71) to antagonism
(Bergström = +1.93) upon going from n = 16 to n = 10 without exceeding the value where
micellar phase separation would be expected (Bergström = +2.77 294).
Although at the cmc the majority of the surfactant in the mixed micelles is C12G1, the
composition changes as the concentration exceeds the cmc. The mole fraction of
individual surfactants in mixed micelles above the cmc can be calculated by solving
nonlinear Eq. (3) based on an expansion of Clint’s mixed micelle model using RST 128.

0 (3)
here c = the total surfactant concentration and all other variables are defined above.
With Eq. (3), the mole fraction of C16TAB in C16TAB/C12G1 mixtures is calculated to be
~0.42 at 30 mM total surfactant concentration, almost equal to the bulk composition.
However, the composition of the other two systems cannot be calculated since  cannot
be estimated.
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The mean aggregation number (Nagg) of these surfactant mixtures was also calculated
using steady state quenching of solubilized pyrene by hexadecylpyridinium chloride.
(see supporting information, Appendix D, Figure D.1). The mean aggregation number
was calculated using Eq. (4)205:
ln

(4)

where I = fluorescence intensity in the presence of quencher, I0 = fluorescence intensity
in the absence of quencher, [Q] = concentration of quencher, and c = total surfactant
concentration.
Using Eq. (4), the mean aggregation numbers (Nagg) of CnTAB/C12G1 mixtures were
determined to be 54, 54 and 74 for n = 16, 12 and 10, respectively (fits are shown in
supporting information, Appendix D, Figure D.2). The higher aggregation number for
C10TAB/C12G1 may indicate larger micelle size or more close packed micelle for
C10TAB/C12G1 compare to other mixtures, but the precise implications of the bulk
measurements of micelle properties summarized in Table 4.1 needs more detailed
interpretation. The precise radial positioning of the sugar headgroup can be understood
using detailed NMR studies of interactions and dynamics in the mixed micelles.
Figures 4.3 shows the stack plot of 1D 1H NMR spectra CnTAB / C12G1 surfactant
mixtures. The peaks in the spectra were assigned by comparing to the previous study by
Das et al. on the C16TAB/C8G1 system 293. As the head group for both cationic and sugar
surfactants are the same as for C16TAB/C8G1, only small shifts in the relative position of
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peaks would be expected due to the varying chain lengths. The proton labels are
indicated in Figure 4.1 and assignments for all tree mixtures remain the same, except
the relative position change of the H2 proton of C12G1. As the cationic tail chain length
decreases from n = 16 to 12 to 10 in CnTAB, the proton chemical shift of the H2 proton
of C12G1 moves downfield. This suggests a change in chemical environment which will
be explored in more detail by NOESY below. Also for the C10TAB/C12G1 mixture, line
broadening of the proton spectrum is observed, which is normally associated with
shorter spin‐spin relaxation (T2) due to less mobility of molecules. This will be quantified
by spin‐echo measurements below.
To investigate the mobility of the sugar head group in mixed micelles, spin‐lattice
relaxation (T1) and spin‐spin relaxation (T2) measurements were done for 30 mM
CnTAB/C12G1 mixtures at 50 °C. Before discussing the results of relaxation
measurements, it is beneficial to introduce what is expected for micellar solutions. T1 is
the relaxation time constant in the direction parallel to the magnetic field due to the
exchange of energy between a nucleus and the surrounding medium by tumbling,
whereas T2 is the spin‐spin relaxation time constant, and is proportional to the time
required for nuclei to relax in the plane perpendicular to the magnetic field due to
interactions with other spins in the mixture. Generally, T2 decreases as a nucleus enters
into an environment with a higher local density of spins, or if the lifetime of interactions
with neighboring spins increases (for instance, in a more viscous environment). For
small molecules with rapid tumbling, the dependence of T1 and T2 on molecular mobility
is the same, but for low molecular mobilities, T1 follows the opposite trend of T2; as the
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local density surrounding a nucleus increases or the mobility decreases, T1 is expected
to increase due to slow tumbling. Thus, comparing these two parameters is a good way
to learn about the local environment experienced by parts of a molecule in a micellar
environment.
In micellar solutions, surfactants experience two (micro)phases, one being the bulk
solution in which surfactant monomers are dispersed with solvent in close proximity,
and the other being the interior of micelles where molecules are more tightly packed
and less mobile. The high‐density / low mobility core of the micelles is expected to give
rise to the shortest T2 values and longest T1 values while for free monomers in solution,
significantly less density of protons and rapid tumbling of the molecules should give rise
to the longest T2 and shortest T1 values. The T2/T1 ratio is also considered to be a
measurement of “degree of restricted motion” as established by Somasundaran’s
group286, 287.
Measurement of relaxation parameters may be complicated by the presence of two
microenvironments in micellar solutions. If exchange of surfactants between micelles
and the bulk solution is slow (on the timescale of the pulse sequences used for
relaxation measurements), the decay of signal would be expected to follow a weighted
sum of exponentials corresponding to the relaxation of the population in each
environment. If exchange is fast, signal will decay with a single exponential with the
weighted average of the relevant parameters (T1 or T2) for monomer and micellar
microenvironments. When C16TAB, C12TAB and C10TAB are compared at equal mixing
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ratios with C12G1 and at the same concentration, the concentration of monomeric
surfactants is expected to be approximately equal. Therefore, observed differences in
T1 and T2 are most likely due to differences in the micellar contribution that arises from
differences in the mobility of the sugar head group.
Table 4.2 lists T1 and T2 values for selected headgroup protons of CnTAB/C12G1
mixtures. The selected protons are free from any ambiguity due to contributions to the
decay profile from protons in different chemical environments. For C16TAB/C12G1 and
C12TAB/C12G1 mixtures, T1 and T2 values are comparable for all selected protons. This
suggests a similar chemical environment around the sugar headgroups that gives almost
the same level of mobility for the sugar head groups in these two mixtures. In contrast,
the C10TAB/C12G1 mixture consistently has larger T1 values and smaller T2 for the sugar
headgroup protons of C12G1 in than in C16TAB/C12G1 or C12TAB/C12G1 mixture. The
T2/T1 values listed in table 4.2 shows also indicate a higher degree of restricted motions
of sugar head group of C12G1 in the C10TAB/C12G1 mixture compare to other mixtures.
This would be consistent with close association of the C12G1 headgroups in micellar
aggregates, leading to less molecular tumbling and therefore more solid‐like NMR
relaxation characteristics.
Although T1 and T2 analysis give indirect information about the local environment
around the carbohydrate head groups in mixed micelles, the proximity of protons in
sugar head groups to other species in mixed micelle was measured using 2D Nuclear
Overhouser effect spectroscopy (NOESY) for all three mixtures.
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Figure 4.4 shows the

2D NOESY pattern for a 1:1 C16TAB/C12G1 mixture in D2O at 50 °C with a total surfactant
concentration of 30 mM. All of the cross peaks are numbered in Figure 4.4, and can be
categorized according to the nature of the interaction.

Several sugar‐sugar NOE

correlations (cross peaks 1‐6) are found among the headgroup protons of C12G1. Cross
peak 1 correlates the α”B proton of C12G1 with the α”A /H6A proton of C12G1, while
cross peak 2 correlates the H3/H4 proton of C12G1 with the H6A proton of C12G1. Cross
peak 3 correlates the H2 proton of C12G1 with neighboring H3/H4 protons of C12G1.
Cross peak 4 represents a correlation between the α”B proton of C12G1 and the H1
proton of C12G1. Cross peak 5 correlates the H3/H4 proton of C12G1 with the H1
proton of C12G1 whereas cross peak 6 correlates the H1 and H2 protons of C12G1.
In addition to these clear interactions among headgroups of the same type, there are
three cross peaks (cross peaks 7, 8 and 9) in Figure 4.4 that can be either sugar‐cationic
interactions or sugar‐sugar interactions. The ambiguity arises because the chemical shift
of the α’ proton of C16TAB coincides with the chemical shift of the H5 proton of C12G1
(Figure 4.3). Cross peak 7‐9 correlate this ambiguous ’ proton of C16TAB or H5 proton
of C12G1 with the H3/H4 proton, H6B proton and H1 proton of the C12G1 sugar
headgroup, respectively. In previous study with C16TAB/C8G1 mixtures, the same types
of correlations were seen between the same protons and 3D NOESY‐13C‐HSQC was used
to show that correlations were only with the H5 proton of C8G1. There were no sugar‐
cationic correlations. Due to the similarity with the correlation patterns in Figure 4.4 and
the headgroups of the surfactants, cross peaks 7‐9 are assigned to sugar‐sugar
correlation for the C16TAB/C12G1 mixture. Apart from these correlations there are
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several others sugar‐sugar and cationic‐cationic correlations (cross peaks 10‐18)
between sugar head group protons with the alkyl chain protons of C12G1 or C16TAB.
Cross peak 10 and 11 correlate the α”A/H6A and α”B protons of C12G1 with β”A,B protons
of C12G1 , respectively. Cross peak 12 correlates α’a,b protons of C16TAB or H5 proton of
C12G1 with β’a,b protons of C16TAB. Cross peak 13‐18 correlates the rest of the alkyl
chain methylene protons (after the β position) of C16TAB or C12G1 with the (13) α”A/H6A
proton of C12G1, (14) H6B proton of C12G1, (15) α’a,b proton of C16TAB or H5 proton of
C12G1, (16) β’a,b proton of C16TAB, (17) β”A,B protons of C12G1, and (18) ω protons of
C16TAB or C12G1.
One remaining possible correlation between the heads of the two surfactants would be
between the NCH3 protons of C16TAB with the sugar headgroup protons. A vertical steak
appears at the position of the NCH3 protons in Figure 4.4 due to t1 noise. This noise is
caused by unavoidable instrument or temperature control instability and is most
prominent for higher intensity peaks. This may be resolved by using a symmetrization
method
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but this technique is capable of introducing artificial cross peaks for

uncoupled signals with excessive t1 signals, so this method was not used here to resolve
the NCH3 cross peaks. Instead, the NOE correlations of NCH3 protons of C16TAB were
measured using 1D NOE.
Figure 4.5 shows the 1D NOE spectrum for the C16TAB/C12G1 1:1 surfactant mixture at
50 °C with a total surfactant concentration of 30 mM. In Figure 4.5, spectrum radiation
was done from the NCH3 protons of C16TAB head group. In 1D NOE every radiated

95

spectrum is subtracted from a reference spectrum so that only peaks having NOE
correlations with the radiated peak appear after spectrum processing. In Figure 4.5 by
comparing the subtracted spectrum (upper part of the figure) with the 1D proton NMR
spectrum (lower part of the figure) the only correlation that is seen with the NCH3 proton
is the α proton of C16TAB. No correlations with the sugar headgroup protons were
found. The 2D and 1D NOE spectrum results therefore indicate that there is no evidence
of correlations between sugar and cationic headgroups in the C16TAB/C12G1 system.
2D NOESY experiment was also done for the 30 mM C12TAB/C12G1 1:1 surfactant
mixture followed by a 1D NOE experiment radiated from the NCH3 peak of C12TAB (see
Supporting Information, Appendix D, Figure D.3 and D.4 along with associated
discussion). The results for the C12TAB/C12G1 mixture were similar to C16TAB/C12G1
and indicate no sugar‐cationic correlations. In both systems, correlations were found
among carbohydrate protons and between carbohydrate head and alkyl chains, which
are consistent with our previous study of the C16TAB/C8G1 mixture. There we had
concluded that the sugar heads are solubilized as clusters, most likely with their
headgroups pointing towards the core of the mixed micellein an inverted micelle‐within‐
micelle configuration. The NOE results (Figures 4.4 and 4.5) show that increasing the
carbohydrate surfactant alkyl tail length from C8 to C12 did not result in “pushing” the
glucopyranoside headgroup to the exterior of the micelle. Matching the lengths of the
two alkyl tails in the C12TAB/C12G1 system (Figures D.3 and D.4) also did not provide
enough of a driving force to cause the alkyl surfactant to reorient with its headgroup in
the corona or exterior of the micelle. Therefore, as one last attempt to use relative
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lengths of tails to promote accessibility of the sugar headgroup, a cationic surfactant
with a shorter tail than the sugar surfactant was investigated (the C10TAB/C12G1
system).
Figure 4.6 shows the 2D NOESY spectrum for the C10TAB/C12G1 surfactant mixture
under the same conditions as Figure 4.4. As for the other two mixtures of C12G1 with
cationic surfactants, Figure 4.6 does not indicate any sugar‐cationic headgroup NOE
interactions between C16TAB and C12G1 surfactants in the micelle, although we can see
an increase in interactions among sugar headgroup protons and between sugar
headgroup and alkyl chain protons. Cross peaks 1‐9 all indicate sugar‐sugar headgroup
correlations. Cross peaks 1 and 2 correlate the α”B proton of C12G1 with α”A/H6A and
H3/H4 protons of C12G1, respectively, while cross peaks 3 and 4 correlate the H3/H4
proton with α“A/H6A and H2 protons of C12G1, respectively. Cross peak 5 correlates the
H3/H4 proton of C12G1 with the H5 proton of C12G1 or α’a,b proton of C10TAB, but by
analogy with C16TAB/C12G1 the former (sugar‐sugar) correlation is more likely. Cross
peak 6 correlates the H2 and H6B protons of C12G1 while cross peak 7 correlates the
α“A/H6A and H1 protons of C12G1. Cross peak 8 and 9 correlate H1 proton of C12G1
with the α“B and H3/H4 protons of C12G1, respectively.
Apart from sugar‐sugar correlations, there are some correlations among the alkyl chain
protons of C10TAB or C12G1. Cross peak 10 and 11 correlate methylene protons (beyond
) in alkyl chains of C12G1 or C10TAB with β‘a,b proton of C10TAB and β“A,B protons of
C12G1, respectively. Cross peak 12 correlates ω protons of C10TAB or C12G1 with alkyl
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methylene protons (beyond ) of C10TAB or C12G1. There are also several explicit
correlations (cross peaks 13‐19) between the sugar head group and the alkyl chains of
C10TAB or C12G1. Cross peak 13 correlates H2 and β”A,B protons of C12G1 while cross
peak 14 correlates α’a,b protons of C10TAB or H5 proton of C12G1 with β’a,b protons of
C10TAB. Cross peak 15‐18 correlate alkyl chain methylene protons (beyond ) of C12G1
or C10TAB with (15) H1, (16) α”A/H6A, (17) α”B and (18) H3/H4 protons of the C12G1
head group, respectively. Cross peak 19 correlates methylene protons of the alkyl chains
(beyond ) of C12G1 or C10TAB with the α’a,b proton of C10TAB or H5 proton of C12G1.
1D NOE experiments (see Supporting Information, Appendix D, Figure D.5 with
associated discussion) were also done to see the correlations between the NCH3 protons
of C10TAB with the sugar head group but, similar to other two surfactant mixtures here,
also showed no correlation between the NCH3 protons of C10TAB and the sugar head of
C12G1. All of these NOE measurements show that even if the carbohydrate chain
lengths are adjusted to the point that the cationic surfactant tail is shorter than in the
carbohydrate surfactant, no evidence for direct mixing between cationic and sugar
headgroups in the corona of the micelle can be found. This suggests a structural model
similar to that of C16TAB/C8G1 293 in which sugar headgroups point towards the core of
the mixed micelle. The NOE results actually suggest that trying to tune tail lengths to
“push out” the headgroup strengthened interactions among sugar headgroups and
between sugar headgroups and the alkyl chains of the both surfactants.

In

C10TAB/C12G1, this leads to a high degree of confinement of sugar headgroups within
the micelle as suggested by T1 / T2 analysis (Table 4.2), but the entropic penalty
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associated with this confinement is still not enough to cause the micelle to adopt a
configuration with accessible sugar headgroups. Figure 4.7 schematically shows the
arrangement of the sugar heads near the core of the mixed micelle for the
C10TAB/C12G1 mixture. Sugar heads are not at all accessible for this and the other
CnTAB/C12G1 mixtures studied.
The mechanism of “pushing out” sugar headgroups by matching the surfactant chain
length is most likely unsuccessful because of the huge mismatch of interaction forces
between the two different types of headgroups with the polar surroundings. The
trimethylammonium headgroup of the cationic surfactants interacts very strongly with
the surrounding polar environment by ionic hydration forces, while the carbohydrate
surfactants interact by hydrogen bonding in a manner similarto water itself. This
difference is exemplified in the much higher cmc value for a cationic surfactant with the
same tail: 15 mM for C12TAB vs. 0.13 mM for C12G1, which indicates that C12G1 is more
hydrophobic and susceptible to separation from the aqueous phase. At the same time,
C12G1 has an even greater driving force to separate into a nonpolar medium if possible.
The octanol‐water partition coefficient can be extrapolated from a study of surfactants
of varying tail length to be given by log(Kow) ~ 4.3 238. This corresponds to a free energy
of transfer from water to octanol of ‐24.5 kJ/mol at 298 K, whereas the free energy of
micellization of C12G1 is ‐22.2 kJ/mol at the same temperature. As a result, C12G1 is
solubilized by CnTAB surfactants at concentrations much lower than the cmc of the
cationic surfactant even when RST models suggests that synergistic interactions are not
operative.
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To make the carbohydrate head accessible near the exterior of the mixed micelle, an
alternative approach is to introduce a functional group into the carbohydrate surfactant
to provide an additional molecular force to “pull” the sugar head toward the polar
exterior of the mixed micelle. To make this possible without altering the sugar
headgroup, the linker betwwen the sugar and alkyl tail was replaced with a triazole
group. Figure 4.8 compares the molecular structures of C8XT1 with C16TAB as
determined by geometry optimization using the PM3 semiempirical molecular orbital
method. Our hypothesis is that due to an extra dipolar interaction between the triazole
linker and cationic headgroups or polar surrounding, the carbohydrate head group will
be “pulled out” of the mixed micelle. For that reason we mixed n‐octyl‐β‐D‐triazole‐
xylopyranoside (C8XT1) with C16TAB under the same conditions as the other mixed
micelle studies.
Due to readily availability of C8XT1
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, it was selected instead of a glucose‐based

surfactant with triazole linker. However, C8X1 (octyl‐‐D‐xylopyranoside) shows
evidence of also having its sugar headgroup “buried” in the core of mixed micelles with
C16TAB 293, and presumably if the xylosehead group is drawn to the exterior of a mixed
micelle, glucose headgroups also can be due to the more hydrophilic nature of the
glucoside compared to xyloside headgroups. The individual cmc as well as mixed cmc of
the C16TAB/C8XT1 mixture was calculated by a spin lattice relaxation study and
fluorescence probe experiments. The cmc values are 11 mM and 1.42 mM for pure
C8XT1 and C16TAB/C8XT1 mixture respectively (see Supporting Information, Appendix D,
Figure D.6 and D.7 with associated discussion). The mole fraction of C16TAB in the mixed
100

micelle at the cmc and the β value for C16TAB/C8XT1 were calculated with Rubingh’s
model to be 0.83 and ‐1.47, respectively. The negative β value suggests a synergistic
interaction between the two surfactants and is less than  for C16TAB/C8X1 (‐0.86)
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Although the majority of the surfactant in mixed micelles is C16TAB at the cmc (cue to its
lower cmc), at 30 mM the C16TAB mole fraction is calculated using Eq. (3) to be 0.55,
almost equal to the bulk composition.
Figure 4.9 shows the 1D 1H NMR spectrum of the C16TAB/C8XT1 1:1 mixture. The peaks
in the spectra were assigned by comparing to the previous study by Das et al. on the
C16TAB/C8X1 system and including the unique linker protons. To investigate the
proximity of the carbohydrate headgroup with other protons in the C16TAB/C8XT1
mixture, a 2D NOESY pattern was collected. Figure 4.10 shows the 2D NOESY spectrum
for the C16TAB / C8XT1 surfactant mixture under the same conditions as Figure 4.4 and
Figure 4.6.

Figure 4.10 shows relatively fewer sugar‐sugar correlations (peaks 1‐8)

compare to the CnTAB/C12G1 mixtures. Cross peak 1 correlates the H3 and H4 protons
of C8XT1 while cross peak 2 correlates the H3 proton of C8XT1 with the H2/H5B proton
of C8XT1 or α’a,b protons of C16TAB. Cross peak 3‐ 5 correlate the H4, H5A and H1
protons with the H2/H5B proton of C8XT1 or α’a,b proton of C16TAB, respectively. Cross
peak 6 correlates the HN proton of C8XT1 from the triazole linker with the α”A,B proton
of C8XT1 while cross peak 7 correlates the HN‐1 and HN‐1’ protons of C8XT1. Cross peak 8
correlates the β”A,B proton of C8XT1 with the H2/H5B proton of C8XT1 or α‘a,b protons of
C16TAB. In addition to these sugar‐sugar correlations, one sugar‐cationic correlation
(cross peak 9) is found between the α”A,B proton of C8XT1 and the β’a,b protons of
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C16TAB. This direct interaction between cationic and carbohydrate surfactants was
absent for other alkyl esters of sugars mixed with trimethylammonium surfactants such
as C12G1/C16TAB (Figure 4.4) or C8X1/C16TAB
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Fewer sugar‐sugar headgroup

correlations and a new direct sugar‐cationic correlation indicate a significant change in
the arrangement of the sugar head group in mixed micelle of C16TAB/C8XT1 mixture
compared to the other systems studied here. Also, no correlations between sugar
headgroups and alkyl tail protons are found in Figure 4.10, also supporting the idea that
the sugar headgroups have moved out of the core of the mixed micelle.
To see the correlations between the NCH3 head group of C16TAB with sugar headgroups
of C8XT1, a 1D NOE experiment was also done (Figure 4.11). Radiation was done from
NCH3 protons of C16TAB. In contrast to Figure 4.5, several sugar head correlations with
the NH3 proton are found in Figure 4.11. Specifically, the NH3 protons of C16TAB
correlate with the HN, HN‐1, HN‐1’, H1, H5 and H4 proton of C8XT1. There is also one
cationic‐cationic surfactant correlation between the α‘a,b and NCH3 protons of C16TAB
similar to the C16TAB/C12G1 mixture. All of these direct correlations between the sugar
and cationic head indicate that as hypothesized, the sugar head has been “pulled” to the
exterior of the mixed micelle by interactions between the polar triazole linker and the
ionic headgroups and water in the corona region.
Figure 4.12 illustrates schematically where the sugar and cationic head are located in
the mixed micelle. The change in the carbohydrate head group orientation in the mixed
micelle contrasts with Figure 4.7 and suggests that the strategy of introducing more
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polar linker than an ester linkage not only has synthetic advantages for easy use of
natural products to produce sugar surfactants288,
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but can also make the sugar

headgroups accessible to the exterior of the micelle for applications such as molecular
imprinting of polymeric and metal oxide matrices. This helps to explain why previous
attempts to imprint silica using mixtures of C16TAB and C8G1 or C8X1 were only
successful when mixed monolayers, rather than micelles, were used to present the
sugars to the oxide surface. These results suggest that sugar surfactants with triazole
linkers should be promising candidates when mixed with cationic surfactants for
generating high surface area, mesoporous molecular sieves with selective sugar binding
sites.
4.5. Conclusions
In this study, the accessibility of the head groups of carbohydrate surfactant in a mixed
micelles with cationic surfactant was studied in detail using different NMR techniques
including spin‐lattice (T1) relaxation, spin‐spin (T2) relaxation and 2D NOESY
measurements. Additional micellar parameters were measured by fluorescence probe
measurements. The results suggest that matching of cationic and carbohydrate
surfactant tail lengths is not sufficient to “push out” the carbohydrate head group to the
exterior of the micelle. Consistent with our previous study of the C16TAB/C8G1 mixture,
there is no detectable nuclear Overhouser effect (NOE) correlation between the
headgroup of dodecyl glucoside (C12G1) and the head group of C16TAB. Instead, the
sugar headgroups interact among themselves or with the tails of the surfactants. These
correlations indicate that sugar headgroups aggregate at the interior of the micelle,
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most likely pointing towards the core of the mixed micelle consistent with previous
study of C16TAB/C8G1 mixture. The situation does not change after replacing the
hexadecyl chain of C16TAB with a dodecyl chain in C12TAB, and the inverted orientation
of the carbohydrate heads becomes more extreme when the cationic chain is reduced
to decyl (C10TAB). For C10TAB/C12G1 mixture, stronger NOE interactions between the
sugar heads and surfactant tails are seen, indicating greater confinement of the sugar
head in the core compare to C16TAB/C12G1 and C12TAB/C12G1. Restricted motion is
supported by line broadening in the proton spectrum along with spin‐lattice relaxation
(T1) and spin‐spin relaxation (T2) analysis.
Tuning relative tail lengths may not be able to change the headgroup accessibility
because of the large difference in molecular interactions between sugar headgroups
(which interact as well or better with each other as with water) and cationic headgroups
with a polar medium. The large difference in favorability of interactions with water is
not overcome by entropic penalties associated with confinement of sugar headgroups in
the core of the micelle. Therefore, a second hypothesis was tested that adding a more
polar linker to the sugar surfactant would “pull” the sugar headgroup near the exterior
of the mixed micelle. To investigate this hypothesis C16TAB, was mixed with n‐octyl‐β‐D‐
triazole‐xylopyranoside (C8XT1), a new carbohydrate surfactant with a trizole linker.
Successive 2D NOESY and 1D NOE measurements for C16TAB/C8XT1 show several NOE
correlations between the sugar and cationic headgroups in the mixed system, which
proves the hypothesis that tuning interactions with a polar linker is a viable strategy to
create mixed micelles with accessible headgroups.
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This study has provided new insights into the 3D structure of synergistic cationic / sugar
surfactant micelles, and suggests that merely knowing that mixing is thermodynamically
favorable does not guarantee that sugar headgroups are accessible to the bulk polar
medium. For instance, C16TAB and C8G1 have good synergy ( = ‐2.5) but the glucoside
headgroups are not accessible 293. Increasing the sugar surfactant tail to C12G1 worsens
the bulk synergy, and decreasing the cationic tail length creates more antagonistic
interactions, none of which help to drive the sugar headgroup out of the micelles. This
prevents the use of carbohydrate alkyl ester / cationic surfactant mixtures for
applications such as molecular imprinting. However, this problem is solved by tailoring
the linker with a triazole linker in the carbohydrate surfactant to make the carbohydrate
headgroup accessible without changing its structure.
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Table 4.1. Values of mixed critical micelle concentration (cmc) from pyrene
solvatochromism, overall mole fraction of C16TAB ( 1) in mixed solution, mole fraction of
C16TAB (X1) in mixed micelle at cmc and at 30 mM total surfactant concentration,
interaction parameter (β) and aggregation number (Nagg) from pyrene quenching for
C16TAB/C12G1, C12TAB/C12G1 and C10TAB/C12G1 mixtures.
Surfactant

cmc

α1

X1 (at cmc)

X1(at 30 mM)

β

CTAB/C12G1
C12TAB/C12G1
C10TAB/C12G1

.19
.26
0.42

0.5
0.5
0.5

0.22
<0.01
<0.01

0.42
X
X

‐1.2
>0
>0

Bergström Nagg
‐0.71
0.03
1.92

54
54
74

Table 4.2. Comparison of T1 and T2 values of headgroup protons in C16TAB/C12G1,
DTAB/C1G1 and DeTAB/C12G1 mixed micellar systems.
Surfactants
C16TAB/C12G1
C12TAB/C12G1
C10TAB/C12G1

Protons
H1
H1
H1

T1(ms)
746±14
735±20
1063±40

T2(ms)
21±5
19±4
10±5

T2/T1(ms)
.028±.006
.026±.005
.009±.004

C16TAB/C12G1 6B
C12TAB/C12G1 6B
C10TAB/C12G1 6B

450±26
482±4
497±12

74±7
72±7
14±3

.164±.018
.149±.014
.028±.006

C16TAB/C12G1

H3,H4

794±20

76±12

.096±.015

C12TAB/C12G1 H3,H4
C10TAB/C12G1 H3,H4

542±12
893±24

88±17
43±6

.162±.031
.049±.006
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Figure 4.1. Molecular structures of (a) C16TA+ [TA+ denotes a trimethylamonium
headgroup] (b) C12TA+ (c) C10TA+ and (d) C12G1 determined by geometry optimization
using the PM3 semiempirical molecular orbital method as implemented in the program
Avogadro. The labeling of the protons in these structures will be used in the discussion
of the NMR spectra.
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Figure 4.2.

Pyrene fluorescence emission intensity ratio I1/I3 vs. total surfactant

concentration for (a) C16TAB/C12G1, (b) C12TAB/C12G1 and (c) C10TAB/C12G1 at 50 °C.
In all cases a 1:1 overall ratio of surfactants was used. Arrows denote the mixed cmc
values.
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Figure 4.3. 1D 1H NMR spectrum of 1:1 (a) C16TAB/C12G1 (b) C12TAB/C12G1 and (c)
C10TAB/C12G1 in D2O at 50 °C (total surfactant concentration 30 mM).
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Figure 4.4. 2D NOESY spectrum of 1:1 C16TAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. The spectrum indicates
several sugar‐sugar or cationic‐cationic surfactant NOE correlations (cross peak 1)
α“A/H6A & α“B proton; 2) H3/H4 & H6A proton 3) H3/H4 & H2 proton; 4) α“B & H1
proton; 5) H3/H4 & H1 proton; 6) H1 & H2 proton; 7) α‘a,b/H5 & H3/H4 proton; 8)
α‘a,b/H5 & H6B proton; 9) α‘a,b/H5 & H1 proton; 10) α“A/H6A & β“A,B proton; 11) α“B &
β”A,B proton; 12) α‘a,b/H5 & β‘a,b proton; 13) α“A/H6A & (CH2)m+n proton; 14) H6B &
(CH2)m+n proton; 15) α‘a,b/H5 & (CH2)m+n proton; 16) β‘a,b & (CH2)m+n proton; 17) β“A,B &
(CH2)m+n proton; 18) (CH2)m+n & ω‘/ω” proton).

110

Figure 4.5. 1D NOE spectrum of 1:1 C16TAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). The only correlation that is seen with the NCH3 protons (in the
upper spectrum) is from the α’a,b protons of C16TAB. The lower 1D NMR spectrum of the
mixture is provided for reference.

111

Figure 4.6. 2D NOESY spectrum of 1:1 C10TAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. The spectrum indicates
several sugar‐sugar or cationic‐cationic surfactant NOE correlations (cross peak 1)
α“A/H6A & α“B proton; 2) α“B & H3/H4 proton; 3) α“A/H6A & H3/H4 proton; 4) H2 &
H3/H4 proton; 5) H3/H4 & α‘a,b/H5 proton; 6) H2 & H6B proton; 7) α“A/H6A & H1 proton;
8) α“B & H1 proton; 9) H3/H4 & H1 proton; 10) β‘a,b & (CH2)m+n proton; 11) β“A,B &
(CH2)m+n proton; 12) ω‘/ω“ & (CH2)m+n proton; 13) H2 & β“A,B proton; 14) α‘a,b/H5 & β‘a,b
proton; 15) H1 & (CH2)m+n proton; 16) α“A/H6A & (CH2)m+n proton; 17) α“B & (CH2)m+n
proton; 18) H3/H4 & (CH2)m+n proton; and 19) α‘a,b/H5 & (CH2)m+n proton).
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Figure 4.7. Schematic diagram showing relative position of head groups in ideal mixed
micelle of C10TAB and C12G1 based on the 3D geometry of the micelles and favorable
interactions between headgroups.
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Figure 4.8. Molecular structures of (a) C16TA+ and (b) C8XT1 determined by geometry
optimization using the PM3 semiempirical molecular orbital method as implemented in
the program Avogadro. The labeling of the protons in these structures will be used in
the discussion of the NMR spectra.
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Figure 4.9. 1D 1H NMR spectrum of 1:1 C16TAB/C8XT1 in D2O at 50 °C (total surfactant
concentration 30 mM).
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Figure 4.10. 2D NOESY spectrum of 1:1 C16TAB/C8XT1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. The spectrum indicates
several sugar‐sugar or cationic‐cationic surfactant NOE correlations (cross peak 1) H3 &
H4 proton; 2) H3 & α‘a,b/H2/H5B proton; 3) H4 & α‘a,b/H2/H5B proton; 4) H5A &
α‘a,b/H2/H5B proton; 5) H1 & α‘a,b/H2/H5B proton; 6) HN & α“A,B proton; 7) HN‐1 & HN‐1’
proton; 8) β“A,B & α‘a,b/H2/H5B proton). In also indicates one sugar‐cationic correlation
between β‘a,b protons of C16TAB with α“A,B protons of C8XT1.
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Figure 4.11. 1D NOE spectrum of 1:1 C16TAB/C8XT1 in D2O at 50 °C (total surfactant
concentration 30 mM). The spectrum indicates several sugar‐cationic NOE correlations
(HN, HN‐1, HN‐1’, H1, H5 and H4 proton of C8XT1) with the NCH3 protons of C16TAB. There is
also a cationic‐cationic correlation between α‘a,b protons and NCH3 protons of C16TAB.
The lower spectrum is the 1D spectrum of the system over the same chemical shift
range, for reference.
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Figure 4.12: Schematic diagram showing relative position of head groups in mixed
micelle of C16TAB and C8XT1 based on the 3D geometry of the micelles and favorable
interactions between headgroups.
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CHAPTER 5
Orienting the Pores of Cationic‐Carbohydrate Mixed Small
Molecule Surfactant Templated Silica Thin Films by Tuning
Surface Chemistry

5.1. Summary
This study addresses the synthesis of mixed cationic‐carbohydrate surfactant templated
silica thin films with orthogonally oriented pores by modifying the surface chemistry of a
commercially available hydrophilic substrate (glass slide or silicon wafer) using a random
copolymer

with

a

mix

of

polar

and

nonpolar

functionality.

Hexadecyltrimethylammonium bromide (C16TAB) mixed with n‐octyl‐β‐D‐triazole‐
xylopyranoside (C8XT1) used as a template system, and poly(vinyl alcohol‐r‐ethylene) is
used as a surface modifying agent. The hypothesis is that thin films of the random
copolymer will provide a surface equally attractive to the polar heads and hydrophobic
tails of the surfactants, and therefore should induce orthogonal orientation of the 2D
hexagonal close packed mesostructured composite film. Templated silica films both on
modified and unmodified substrate were characterized by x‐ray diffraction (XRD) and
transmission electron microscopy (TEM) techniques. On unmodified slides, XRD and
TEM are consistent with a 2D hexagonal pore structure with columnar pores oriented
parallel to the substrate. On modified substrates, loss of XRD intensity indicates that
the pores oriented vertically relative to the substrate. TEM indicates that the 2D
hexagonal structure is maintained, indicating that the complete loss of XRD intensity is
due only to reorienting the mesostructure.
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These films are the first example of

vertically orienting small‐molecule micellar templates using surface chemistry to create
films with small mesopores (on the order of 2‐3 nm after surfactant removal). These
films are promising for applications requiring extremely high surface area, accessible,
uniform channels including small molecule separations, (bio) chemical sensing and
catalysis.
5.2. Introduction
Mixed cationic‐nonionic surfactant templated silica thin films draw significant amount of
attention due to their capability to form finely tunable mesostructures including
lamellar, cubic, and 2D hexagonal close packed mesophases 273, 297‐301. Among these, 2D
hexagonal close packed cylindrical mesopores are potentially very useful for applications
including catalysis, sensors and separations due to their well define diffusion path
through the pores, high surface area, and ability to separate macromolecules by size
exclusion

137, 302‐304

. Despite these advantages, conventional techniques to synthesize

cationic‐nonionic surfactant templated silica thin films with 2D HCP well‐ordered
channels on ordinary substrates (glass slides or silicon wafers) lead to cylindrical
channels parallel to the substrate due to preferential interactions between the polar
head groups of surfactants and the hydrophilic substrate51. These parallel pores are
expected to be inaccessible to the majority of solutes. Cubic bi‐continuous structures
are a possible way to avoid this problem but are problematic because lateral diffusion
can occur since the accessible pores are not isolated from each other

58, 70

. They also

require high surfactant concentrations for their formation, which can cause them to be
difficult to stabilize. As a result, templated silica thin film with orthogonally oriented 2D
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HCP channels to the substrate would be desirable to provide accessible mesopores with
well‐defined short diffusion path into the film. These orthogonally oriented thin films,
especially if imparted with specific functional sites, would have several applications in
the field of separations, sensors, and catalysis.
There are several methods reported in literature to form thin films with orthogonally
oriented pores including epitaxial growth atop cubic films 66, electrical or magnetic field‐
induced orientation

305, 306

, dimensional confinement by exo‐template membranes

307

,

and pattern supported growth (with in the pores of anodized alumina) 308. However, all
of these techniques are limited by high production cost, technical complexity,
unpredictable nature and difficult scalability. Our group has already established a well‐
defined, inexpensive, simple technique to build surfactant templated silica and titania
thin films with orthogonally aligned 2D hexagonal mesophase based on Pluronic P123
surfactant templating on P123 or poly(ethylene oxide)(PEO)‐r‐poly(propylene
oxide)(PPO) modified neutral surfaces 79. Our group has demonstrated via Monte Carlo
simulations that the orthogonal alignment of lyotropic 2D hexagonal surfactant/solvent
systems is possible using chemically neural surface as the substrate

309

. However, the

“neutrality” of the substrate (meaning not charge but equal interactions with heads and
tails of surfactants) depends on the type of surfactant used and needs to provide
domains small enough for the system to be neutral on the length scale of the micelles.
For instance, it has been shown experimentally by our group that oriented channels are
obtained for P123 templated films on P123 modified neutral substrate, but that the
same conditions and P123 modification do not provide orthogonal orientation for Brij‐
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56 (primarily decaethelyne glycol hexadecyl ether) surfactants 80. The short, alkyl tails of
Brij‐56 in comparison to the relatively large domains found in crosslinked P123 are the
likely reason behind the dependence of mesophase orientation on surfactant structure.
Most of the prior studies on the synthesis of orthogonally aligned mesoporous films are
based of templating with high molecular weight block copolymer templates (such as
P123). There are very few reports in which small molecule surfactants were used as
templates for orthogonally aligned mesophase films 310. Small‐molecule surfactants are
widely used in thin film synthesis and provide good control over pore size (in the size
range < 10 nm) based on tail length and surface functionality based on headgroup
selection. Therefore, new investigations are needed to develop surface modification
techniques so that modified substrates do not have a strong preferential interaction
with the polar head groups of cationic surfactants or the alkyl tails of either surfactant.
Either interaction would lead to pores oriented parallel to the film which would be
expected to have limited, difficult to reproduce, accessibility to solutes.
Here we report the first example of a simple method to orient a 2D hexagonal
mesophase based on small molecule surfactants using surface modification with a polar‐
nonpolar random copolymer coating. The templating system selected is a cationic /
carbohydrate surfactant mixture of interest for imprinting the surface of the pores 311 or
introducing transition metals via complexation

312

. The polar/nonpolar random

copolymer is hypothesized to provide a chemically neutral surface to induce vertical
orientation of the micelles of the 2D hexagonal mesophase formed by
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cetyltrimethylammonium bromide and n‐octyl‐‐D‐glucopyranoside. Our group has
already shown the effectiveness of using a random co‐polymer containing a mix of
monomers from the surfactant (poly(propylene oxide‐co‐ethylene oxide)) to form
neural surfaces for mesostructure orientation in P123‐templated silica films80. In this
study poly (vinyl alcohol‐co‐ethylene) is used as the surface modifying agent where the
vinyl alcohol mers provide polar functionality and ethylene mers provide nonpolar
functionality. Assuming that the polymer is a well‐mixed random copolymer, a uniform
distribution of functional groups should be presented at the surface of the film that
would make the surface neutral with respect to the coating sol, which will lead to
orthogonal orientation of cylindrical micelles.
5.3. Experimental
Cetyltrimethylammonium bromide (C16TAB) (technical grade, Acros Organics), tetraethyl
orthosilicate (TEOS) (98 % reagent grate, Sigma‐aldrich), poly(vinyl alcohol‐co‐ethylene)
(56 % PVA w/w%, Sigma‐Aldrich) and dimethyl sulfoxide (DMSO) (Fisher Scientific) were
used as received. n‐octyl‐β‐D‐triazole‐xylopyranoside (C8XT1) was synthesized using the
procedure described by Oldham et al288. Before any coating was performed, all of the
glass slides and silicon wafers were cleaned using deionized ultrafiltered (DI‐UF) water
(Fisher Scientific), acetone and a UV‐ozone cleaner.

Surface modification, 1 g of

poly(vinyl alcohol‐co‐ethylene) was dissolved in 30 ml of DMSO (dimethyl sulfoxide) and
cast onto cleaned substrates by spin coating using a Laurell spin coater operating at
2200 rpm for 45 s. After coating, modified substrates were placed in a vacuum oven for
4 days at 120 °C to totally remove the DMSO. The surfactant templated silica thin films
123

were prepared by using TEOS as the silica precursor, which was first hydrolyzed by
mixing it with water, hydrochloric acid and ethanol (mole ratio TEOS: ethanol: water:
HCl = 1:3.8:1:510‐3) and refluxing the mixture for 90 minutes. After that, more
hydrochloric acid and water (mole ratio water: HCl = 1:.001) were added and the
mixture is stirred vigorously for 30 minutes at 50 °C to hydrolyze the remaining
precursor. Subsequently, 60 ml of ethanol was added to the sol to dilute it and the
required amount of surfactants (total surfactant mass 1.34 gm) were added to this
mixture and it was stirred until all of the surfactants were dissolved. The required
amount of surfactants was determined by using the ternary diagram of the mixed
surfactants with water and replacing the volume of water in that phase with an
equivalent volume of silica 67. Following sol preparation, clean unmodified glass slides
and the modified glass slides were coated by the spin coating technique using a Laurell
spin coater. 100 μl of the sol was placed at the center of the substrate and coating was
accomplished by spinning at 2200 rpm for 45 sec. After film deposition slides were aged
at room temperature (~23 °C) and 45% RH for 2 days.

X‐ray diffraction (XRD) was performed ex situ using a Bruker D8 Advance instrument.
During XRD characterization a scan speed of 1 degree/min was accomplished using a
lock coupled method. To perform transmission electron microscopy (TEM) the
C16TAB/C8XT1 templated silica thin films were first calcined in a closed oven at 550 °C
with a heating at a rate of 0.5 °C/min to remove all polymers and surfactants. The
mesoporous structures of the silica films were examined using a high resolution
transmission electron microscope (TEM ‐ 2010F JEOL) at a voltage of 200 kV. The TEM
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samples were prepared by removing the film from the substrate with a razor blade and
dispersing the resulting powder in ethanol. A drop of the resulting dispersion was placed
onto a lacey carbon grid and dried before analysis.
5.4. Result & Discussion
Figure 5.1 shows the x‐ray diffraction pattern of C16TAB/C8XT1 templated silica thin
films coated on both unmodified and modified glass slides and after aging at 20±1 °C
and 45±5% RH for 2 days. The film thickness was found to be 60 nm using ellipsometry.
For the films on unmodified substrate an intense (100) peak and a weaker higher order
(200) peak are observed consistent with the 2D Hexagonal close packed (HCP) structure
80

. The corresponding d‐spacing for (100) peak is 2.8 nm. For the silica film on poly (vinyl

alcohol‐co‐ethylene) modified substrate no diffraction was peak observed, which is
consistent with having created a vertically oriented mesostructure. As summarized by
Hillhouse et al. when the pores are oriented perpendicular to the substrate, due to the
absence of scattering in the plane of the sample in conventional Bragg‐Brentano
geometry, we do not expect any diffraction peak in conventional XRD with 1D
detector313. Therefore, the absence of any diffraction peak for the silica films on poly
(vinyl alcohol‐co‐ethylene) modified substrate is consistent with the 2D hexagonal
mesophase being oriented vertically without any significant parallel orientation.
The absence of diffraction peak for C16TAB/C8XT1 templated silica thin films coated on
poly(vinyl alcohol‐co‐ethylene) modified substrate could also be caused by the loss of
long range order of the mesostructure. For example, if the random polymer was able to
dissolve into the silica sol during films deposition, the mixed templated material may
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have little or no long range mesostructural order. To determine whether the absence of
diffraction peak for C16TAB/C8XT1 templated silica thin films coated on poly (vinyl
alcohol‐co‐ethylene) was due to vertically orientation of the mesophase or due the loss
of mesostructural order, TEM was used for the C16TAB/C8XT1 templated silica thin films.
Figure 5.2 shows the TEM images of materials scraped from unmodified substrate after
calcination. The silica films on unmodified substrate clearly exhibit parallel strips
suggesting close packed cylindrical channels of 2D HCP pores. The spacing between the
parallel channels in TEM image is 2.8 nm, which is consistent with the d‐spacing
obtained from XRD for the (100) peak. That means well ordered 2D HCP pores were
formed on the unmodified substrate. Figure 5.3 shows the TEM images of the films
scraped from the poly (vinyl alcohol‐co‐ethylene) modified substrate after calcination.
As the scraped material shown in Figure 5.3 has dimensions in the order of 200 nm and
the film thickness of our film was determined by ellipsometry to be 60 nm so, the TEM
images represent the top view of the silica film not the portion along film thickness. In
Figure 5.3 instead of parallel cylindrical channels we can see the pore openings. Absence
of parallel strips and the presence of pore openings on the top view of the films (Figure
5.3) indicate vertical oriented pores. Although the pores are not uniformly well ordered,
they should be accessible.
Vertical pores could be disordered during calcination of the samples before TEM sample
preparation. During calcination the intermediate poly (vinyl alcohol‐co‐ethylene) layer
between the film and the substrate and also the templating C16TAB/C8XT1 surfactant
mixture were oxidized and removed. During this process the polymer diffuses out
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through the pores of the silica films. That process may induce anisotropic stress on the
silica wall of the pores. As a result of that vertical pores lost some of their long range
order. For TEM characterization the intermediate polymer layer should be totally
removed before TEM sample preparation to see the oriented pores. Another way to
prepare the TEM sample is by dissolving the intermediate polymer layer and then net
out the film on the TEM grid. This produce was tried using DMSO as a solvent without
any luck. The reason may be the intermediate polymer layer was too thick to be
removed by this process or it would need significant amount of time to remove the
polymer completely. Also in contact with the solvent for longer time may also effect the
silica film. In future the amount of polymer could be reduced and this procedure could
be tried again. The best technique to characterize the pore orientation is to use some
non‐destructive techniques. Grazing incidence small angle x‐ray scattering (GISAXS)
could be the ideal choice.
By combining the XRD data with the TEM data it is cleared that for C16TAB/C8XT1
templated silica thin films on poly (vinyl alcohol‐co‐ethylene) modified substrate, the
mesophase oriented vertically to the substrate. As a result of that after removing the
templates we get mesoporous silica thin films with orthogonally oriented pores. These
orthogonally oriented pores should be highly accessible for the reactants compare to
the pores with parallel orientation and will be very useful in future for the specific
adsorption studies of carbohydrates using molecular imprinting. To demonstrate the
importance of the equal molecular ratio of copolymers on the pore orientation,
random‐co‐polymer with varying composition will be use in future to modify the
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substrate. By comparing the XRD peak intensity between silica films on modified
substrate, the dependence of co‐polymer composition on surface neutrality will be
demonstrated.
5.5. Conclusions
In summary, we have presented a simple inexpensive technique to prepare mesoporous
silica films with small vertically oriented accessible mesopores by modifying the surface
chemistry of the substrate using a polar/non‐polar random‐co‐polymer poly (vinyl
alcohol‐co‐ethylene). This represents the first example (that the authors are aware of)
in which a small molecule has been used for this type of templating. No diffraction peak
in XRD data combine with ordered oriented pores from TEM data suggest vertically
oriented mesophase for the C16TAB/C8XT1 templated silica thin films on poly (vinyl
alcohol‐co‐ethylene) modified substrate. The random copolymer provides a uniform
distribution of polar hydroxyl and non‐polar methyl functionally on the substrate and
due to that similar interactions with both heads and tails of small‐molecule surfactants
were obtained with the substrate. As a result of that hexagonal mesophase became
oriented vertically to the substrate. Further future characterization is needed to
understand the reason behind the lack of uniform long range order of the oriented
pores. These films are promising for different applications including specific adsorption
studies of carbohydrates using molecular imprinting.
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Figure 5.1. XRD patterns of C16TAB/C8XT1 templated silica thin films on both modified
and PVA‐r‐PE unmodified substrate after aging at 20±1 °C and 45±5% RH for 2 days.
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Figure 5.2.

TEM images of C16TAB/C8XT1 templated silica thin films at (a) low

magnification and (b) high magnification scraped from unmodified substrate after aging
at room temperature (23±1 °C) and 45±5% RH for 2 days followed by calcination at 550
°C with a heating at a rate of 0.5 °C/min.
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Figure 5.3.

TEM images of C16TAB/C8XT1 templated silica thin films at (a) low

magnification and (b) high magnification scraped from modified substrate after aged
at room temperature (23±1 °C) and 45±5% RH for 2 days followed by calcination at 550
°C with a heating at a rate of 0.5 °C/min. The inset shows a fast Fourier transform of the
upper image.
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CHAPTER 6
Structural and chemical evolution of mixed cationic/
carbohydrate surfactant templated silica thin films during long‐
time aging

6.1. Summary
A detailed study on the effect of different aging parameters on the structural and
chemical evolution of mixed surfactant templated silica films was done using a
combination of x‐ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT‐
IR). XRD was used to measure mesostructural order in the templated films and FT‐IR to
provide insight into the polycondensation kinetics of the silica network. The templates
for the silica thin films were mixtures of nonionic carbohydrate surfactant n‐octyl‐β‐D‐
glucopyranoside mixed with cationic surfactant hexadecyltrimethylammonium bromide.
After deposition, films were cured under varying process parameters including
temperature and humidity, and studied over a period of several days. The evolution of
long‐range mesostructure order in the surfactant templated silica films was found not to
be limited to the initial few minutes after film deposition, but instead to continues
evolving for at least two weeks under fixed temperature and humidity conditions. Film
contraction plays a significant role during that time which may be due to the slow
removal of water and ethanol from the thin films. This work also shows the importance
of the aging temperature and humidity, which significantly affect the mesostructural
order and polycondensation of the templated silica thin films during longtime aging.
Increasing temperature and humidity were both found to decrease the mesostructural
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order while promoting polycondensation of the silica network. The insights into aging
provided by this study will help to develop optimal conditions for long‐term curing of
surfactant templated silica films to balance competing needs for mesostructural order
and a highly cured network.
6.2. Introduction
The pioneering work on surfactant templating of mesostructurally ordered silica thin
films by Brinker’s group

51

has drawn much interest from researchers in the porous

materials community due to the potential applications of these materials based on their
large surface area combined with tunable pore size distribution and structure

314‐318

Applications of these templated silica materials are numerous and include sensors
320

, membranes

314, 321, 322

, drug delivery systems

323‐325

and catalysts

.

318‐

312, 326, 327

.

Templated silica thin films are often synthesized by co‐assembling the metal oxide
frame with surfactant templates by evaporation‐induced self‐assembly (EISA)

328‐330

using dip or spin coating 56, 137, 331. Despite the success of this approach and insights into
the kinetics reported over the past two decades, proper control over the structural
properties of these templated thin films is not always achieved

138, 145, 332, 333

. The

variability in the templated metal oxide structure comes from the influence of the
surrounding environment, which has a direct impact on the kinetics of thin film
formation

137, 334‐337

. Because of rapid heat and mass transfer with the surrounding

environment, process conditions affect both the silica structure and assembly of the
templating micelles. Changing the temperature and gas‐phase environment near the
film influence both the kinetics of the hydrolysis/polycondensation reactions of the silica
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precursors and micelle size, shape and degree of ordering 141, 142, 338, 339. The influence
of the film curing environment plays a significant role not only during the thin film
deposition process but also during the aging of these thins films due to the flexibility of
the silica structure and the susceptibility of the template micelles to environmental
factors during aging. Aging time, temperature and humidity all play important roles in
determining the final film structure and properties.
Several investigations of the kinetics of surfactant‐templated thin film formation have
been performed using in‐situ GISAXS (grazing incidence small‐angle x‐ray scattering)308,
, NMR (nuclear magnetic resonance spectroscopy)340, 341, and FT‐IR (Fourier transform
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infrared spectroscopy)142, 342 but the primary focus of this work has been on the time
scale of the film formation process itself. The long time effects of aging variables on
mixed surfactant templated silica thin films have not been thoroughly studied, even
though an aging period is usually included in the synthetic process to stabilize the silica
thin films. By better understanding the quantitative evolution of long‐range order and
precursor reactions during this aging period, it will be possible to more rationally select
conditions to efficiently achieve the best balance of promoting both long‐range
mesostructural order and silica polycondensation.
To control the film synthesis process, it is very important to isolate the effects of
different aging process variables (including aging time, aging temperature, and aging
humidity) and to study the effects of these individual factors on the structural and
chemical properties of templated thin films during aging. Here we investigate the effect
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of different aging conditions on alkyl glucopyranoside (CnG1 where n = the alkyl chain
length) and cationic (trimethylammonium) surfactant templated silica thin films. We
study both the changes in structural properties (long range order and d‐spacing) and the
reaction kinetics (hydrolysis and polycondensation of the silica precursors) during aging
in different environments.
6.3. Experimental
Cetyltrimethylammonium bromide (C16TAB) (technical grade, Acros Organics), n‐octyl‐‐
D‐glucopyranoside (C8G1) (99+%, Affymetrix) and tetraethyl orthosilicate (TEOS) (98 %
reagent grate, Sigma‐aldrich) were used as received. The surfactant templated silica thin
films were prepared by using TEOS as the silica precursor, which was first hydrolyzed by
mixing it with water, hydrochloric acid and ethanol (mole ratio TEOS: ethanol: water:
HCl = 1:3.8:1:510‐3) and refluxing the mixture for 90 minutes. After that, more
hydrochloric acid and water (mole ratio water: HCl = 1:0.001) were added and the
mixture was stirred vigorously for 30 minutes at 50 °C to hydrolyze the remaining
precursor. Subsequently, 24 ml of ethanol was added to the sol to dilute it and the
required amount of surfactants (total surfactant mass 1.34 gm) were added to this
mixture and it was stirred until all of the surfactants were dissolved. The required 1.34
gm of total surfactant amount (10:1 w/w% for C16TAB and C8G1 mixture)

was

determined by using the ternary diagram of the mixed surfactants with water and
replacing the volume of water in that phase with an equivalent volume of silica

67, 138

.

Prior to depositing any material the borosilicate glass slides and silicon wafers were
cleaned by washing them with water followed by acetone and then by UV‐Ozone
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treatment for 10 minutes. Following sol preparation, clean glass slides and silicon wafers
were coated by the spin coating technique using a Laurell spin coater. 100 μl of the sol
was placed at the center of the substrate and coating was accomplished by spinning at
2200 rpm for 45 sec. After deposition, the films were aged in an oven or refrigerator in
closed containers that were large enough to hold several slides, a beaker containing a
solution to control water activity (if necessary), and a temperature/humidity sensor pen.
To control humidity, different saturated salt solutions (K2CO3 for ~45% RH and NaCl for
~75% RH), dry nitrogen (for ~10% RH), or pure deionized water (for ~97% RH) were
placed in the closed containers during aging. All measurements were performed in
quadruplet to determine mean and standard deviation values for all samples.
X‐ray diffraction (XRD) was performed ex situ for samples removed from the closed
containers at varying times using a Bruker D8 Advance instrument. During XRD
characterization a scan speed of 1 degree/min was accomplished by a lock coupled
method. FT‐IR spectra were collected directly in transmission mode for films cast onto
thin silicon wafers using a ThermoNicolet Nexus 470 instrument with an MCT detector.
Prior to film deposition, the spectrum of the bare silicon wafer was collected and used
as the background of that particular sample throughout all subsequent measurements.
It was important to be sure to reposition the wafer in exactly the same place in the
transmission holder to avoid interference from background changes.

GISAXS

experiments were done at the Advanced Photon Source at Argonne National Laboratory
on beamline 8‐ID‐E using a wave length of 1.687 Å and a sample‐detector distance of
1040 mm. Data were collected with a Pilatus 1M pixel array detector using a 1 sec
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exposure time. Images were corrected for detector nonuniformity and converted to q‐
space using the GIXSGUI package for Matlab.
6.4. Results & Discussion
Mixed surfactant templated silica thin films were characterized by x‐ray diffraction to
study the evolution of long range order of the mesostructure. Figure 6.1 shows a
representative example of the XRD pattern of a C16TAB templated thin film after aging at
23±1 °C and 45± 5 %RH for 7 days. Figure 6.1(a) shows the conventional XRD pattern
measured in the Bragg‐Brentano geometry. The pattern consists of one intense peak
(100) and one weak peak (200) which is consistent with a well‐ordered 2D hexagonal
columnar structure oriented parallel to the glass substrate onto which it is cast 343. The
2D hexagonal structure and orientation is also confirmed by the 2D GISAXS pattern in
Figure 6.1(b). The spots in Figure 6.1(b) represent the (100) peak seen in the XRD
pattern (the vertical spot) and two (110) peaks consistent with the 2D HCP structure344.
The d‐spacing from Fig. 1(a) is 3.5 nm, which agrees with the d‐spacing from the position
of the (100) spot in Figure 6.1(b). While there is no way to directly measure mesophase
crystallinity from a single x‐ray pattern, the relative intensity between the two peaks in
Figure 6.1(a) gives one quantitative measurement of the degree of long‐range order in
the structure, and will be calculated as PRI according to Eq. (1).

Percentage relative intensity (PRI) = (

)*100%

(1)

Some mesostructured materials only exhibit one x‐ray reflection (usually the (100)
peak), in which case they have a PRI of zero and would be defined to be relatively
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weakly ordered, whereas larger values are associated with better long‐range order. We
compare PRI values for different aging conditions to understand the evolution of
mesostructure in films subjected to different aging conditions. We also compare the d‐
spacing of the (100) peak to study the shrinkage or expansion behavior of these
mesostructures due to different aging conditions.
The surfactant templated silica thin films were also characterized by FT‐IR to understand
the effect of different aging conditions on the condensation of the silica structure.
Figure 6.2 shows a representative FT‐IR absorbance spectrum of a silica film prepared
with a 10:1 ratio of C16TAB to C8G1 after aging at 20± 1 °C and 45± 5% RH for 7 days. All
of the vibrational modes in this type of film have been assigned and discussed in existing
literature

208

. Among all the bands present in the spectrum, we label in Figure 6.2 the

most relevant ones for this study. In the higher wavenumber range around (3350‐3000
cm‐1) we see a broad peak due to the stretching of O‐H in Si‐OH groups and adsorbed
water. We also can see two very sharp peaks around (3000‐2800 cm‐1) which
correspond to the CH2 stretching of the surfactants. In the lower wavenumber range we
see one very intense peak at ~1069 cm‐1) which is due to the anti‐symmetric stretching
of Si‐O‐Si. Another important peak for this study is found at 960‐940 cm‐1 and is
attributed to silanol (Si‐OH) stretching in the silica structure. The reactions that occur
during formation of a silica film from an alkoxysilane are hydrolysis (Eq. (2)) and
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polycondensation (Eq. (3)).
≡
≡

⇒ ≡

(2)

↔ ≡

≡

(3)

First the ethoxy groups of the silica precursor (TEOS) are hydrolyzed to generate silanol
groups and then silanols react with unhydrolyzed groups or other silanols to generate
siloxane bonds by polycondensation reactions. Both hydrolysis and polycondensation
are reversible reactions and the relative amount of Si‐O‐Si to Si‐OH present in the
structure indicates the degree of condensation.

If the reaction were to go to

completion, the product would be silica (SiO2), although a fairly large number of residual
SiOH groups are expected in a porous material. To study the change in condensation
due to different aging conditions the ratio of the intensities of the primary Si‐O‐Si peak
and the Si‐OH stretching peak were used as a quantitative indicator of the progress of
condensation. Calibration standards are not available for either band (since silanols are
intermediate functional groups, compounds containing only SiOH groups are difficult to
measure), but the ratio of the two bands provides an indication of the loss of SiOH to
form Si‐O‐Si groups. Peak intensities were estimated by selecting a suitable local
baseline for each of these two peaks an integrating over a fixed wavenumber range for
each one.
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Effect of surfactant composition
To investigate the effect of surfactant composition on the mesostructural order of the
surfactant templated silica thin films the mass fraction of C8G1 in the surfactant mixture
used to prepare silica films was varied from 0 to 0.2. All the films were aged at 20±1 °C
and 25±5 % relative humidity (RH) for 10 days. Figure 6.3 shows the PRI vs. C8G1 mass
fraction relation in the aged films. Pure C16TAB templated silica thin films are found to
have the highest mesostructural order (indicated by PRI) relative to mixtures with C8G1.
The PRI decreases upon addition of C8G1 (0.05 mass fraction C8G1) increases again up
to 0.09 mass fraction C8G1 before decreasing again (e.g. for 0.2 mass fraction C8G1).
Further increase in mass fraction of C8G1 in the surfactant mixture ultimately leads to
total mesostructural loss (observed with 0.5 mass fraction C8G1, data not shown).
These observations are consistent with the general trend of decreasing order with
increasing C8G1 content in powders prepared by nanocasting 67.
The reason behind the change in the mesostructural order with composition may be the
relative arrangement of cationic and carbohydrate surfactants in the mixed micelle. For
silica thin films templated with only C16TAB, strong columbic interaction between the
C16TAB headgroup and the silica structure lead to highly ordered thin films. Addition of a
small amount of C8G1 in the surfactant mixture may reduce the micelle surface charge
to some extent, which has been speculated to be the reason that nematic phases are
able to form as aggregates of rod‐like micelles upon addition of a small amount of C8G1
to C16TAB 345. Further addition of C8G1 should continue to decrease the surface charge
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density, which surprisingly leads to an optimal composition of 0.09 mass fraction C8G1
for a well‐ordered mesostructured mixed surfactant composite. An optimal synergistic
parameter has been predicted for mixtures of nonionic surfactant added to ionic
surfactant on the basis of Poisson‐Boltzmann theory
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.

This synergism between

surfactants may play a role, although specific structural factors may also contribute to
the well‐ordered structure at 0.09 mass fraction C8G1. Further addition of C8G1 leads
to decreased synergism, and greater fluctuations in the structure of the micelles which
leads to a rapid decrease in mesostructural order. Due to the highly ordered structure
formation for films with 0.09 C8G1 mass fraction (10:1 C16TAB/C8G1) this combination
was used for further aging studies.
Evolution of films with time
To investigate the time evolution of surfactant‐templated films, C16TAB / C8G1
templated silica with a 10:1 ratio of C16TAB to C8G1 were coated onto glass sides and
silicon wafers and aged at controlled humidity (45±5% RH) and controlled temperature
(20±1 °C) for up to 15 days, and XRD and FT‐IR characterization was done to study
changes in d‐spacing, long‐range order and condensation of the structure. As Figure
6.4(a) shows, the d‐spacing of the samples decreases according to an exponential with
respect to aging time, which indicates the shrinkage of the structure normal to the film
surface. The main contribution to this shrinkage is likely to be slow condensation or
rearrangement of the silicate species and some loss of water and ethanol as time
proceeds, which reduces the local distance between the silicon atoms and thus induces
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contraction of the films. However, Figure 6.5 shows that the clearest change in
condensation extent within these thin films occurs over a short time; it seems that the
majority of the change in condensation observable by FTIR takes place within the initial
two hours of film curing. Therefore, the shrinkage of the structure after two hours of
aging (which continues almost up to 7 days at 20±1 °C) is not due the change in
condensation of the silica structure observable by a change in the Si‐O‐Si : Si‐OH band
intensities. However, siloxane stretching bands are complex and multiple contributions
can be found upon deconvolution of the bands, it is possible that condensation occurs
that is not visible by FT‐IR. Another contribution may come from the loss of water or
solvent from the corona region of the micelles (near the interface between the
surfactant head group and the frame works) with time, which also would induce
shrinkage in the silica structure. Along with shrinkage, Figure 6.4(b) shows that there is
a slight increase in long‐range order with aging time which is most likely caused by
internal compressive stress induced by shrinkage of the films during aging.
Effects of temperature during aging
To investigate the effects of temperature on aging, a set of C16TAB / C8G1 templated
silica coated glass sides and silicon wafers deposited from a single batch of sol were
divided into four parts and were aged at four different temperatures (0±1 °C, 20±1 °C,
50±1 °C and 100±1 °C) under controlled humidity (45± 5% RH) for 7 days. XRD and FT‐IR
characterization was then performed to observe the changes in d‐spacing, long‐range
order and degree of condensation of the films. Figures 6.6 and 6.7 show the d‐spacing,
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long‐range order and Si‐O‐Si/Si‐OH intensity ratio, respectively, for different aging
temperatures. The effects of temperature are expected to be complex because, while
increasing temperature accelerates activated processes, it also can introduce more
defects into the long‐range order of the structure and drive solvents out of the film
more quickly.
The results show first that the d‐spacing of the templated silica structures decreases
with an increase in aging temperature (Figure 6.6(a)) which can be directly correlated
with the increase in condensation from FT‐IR shown in Figure 6.7.

Accelerated

polycondensation and enhanced drying due to the elevated temperature may
contribute to this effect. Despite the evidence for faster curing in films aged at higher
temperature, Figure 6.6(b) shows that the order of the structure decreases with
increase in aging temperature. This may seems to contradict the study of aging time,
which showed a correlation between contraction of the films and an increase in long‐
range order. However, the observed loss of long range order indicates that the net
effect of aging at higher temperature is to introduce a higher number of defects into the
long‐range structure of the films, which leads to a decrease in PRI despite indications of
greater condensation and contraction in the films.
Effect of humidity during aging
To study the effects of relative humidity, a set of C16TAB / C8G1 templated silica coated
glass sides and silicon wafers were divided into four parts and were aged closed boxes
with four different relative humidity values (16± 5%, 45± 5%, 75± 5% and 96± 5% RH) in
143

closed chambers for 7 days at 20± 1 °C. XRD and FT‐IR characterization were done at
the end of this period. As Figure 6.8(a) the d‐spacing increases with an increase in
humidity, indicating an expansion of the silica mesostructure. However, from figure 9
the change in condensation is minor and is somewhat negative. This suggests that
swelling of the mesostructure (most likely, absorption of water in the corona region of
the micelles) is responsible for the expansion of the mesostructures. Consistent with
this explanation, Figure 6.8(b) shows that increasing the relative humidity during aging
leads to a decrease in the degree of long‐range order of the structure. Overall, there is
no indication that absorption of excessive water in the films reverses the condensation
reaction; high humidity helps to cure the films more effectively.

However, the

mesostructure can be swollen by absorbed moisture and if this is nonuniform, poor
long‐range order may be the outcome.
6.5. Conclusions
In summary, XRD and FT‐IR measurements were used to develop a clearer
understanding of the effects of process parameters during aging on structure and
chemistry in mixed surfactant templated silica thin films. For 10:1 C16TAB/C8G1
templated silica films aged at constant humidity (45± 5% RH) and temperature (20± 1 °C)
the structure shrinks and the long range order increases as aging proceeds. The loss of
water or solvent from the corona region of the micelles may be the reason for
contraction, as significant changes in condensation (the other factor most likely to be
responsible for shrinkage), after the initial two hours of aging. The internal compressive
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stress induced by shrinkage of the films during aging may be the reason behind
improved ordering of the films.
Increase in aging temperature for 10:1 C16TAB/C8G1 templated silica films at constant
humidity (45± 5% RH) for 7 days increases the extent of condensation and shrinkage of
the mesostructure, but is accompanied with a decrease in the final long‐range order of
the films. The loss of long range order at higher temperature can be explained by an
increase in the number of defects introduced into the mesostructure. Therefore, there
is likely to be an optimal temperature that gives an adequate degree of condensation
without excessive loss of long‐range order.

For this study, 50 °C seems to be a

reasonable value. Increase in aging humidity for 10:1 C16TAB/C8G1 templated silica films
at constant temperature (20± 1 °C) for 7 days expands the mesostructure and decreases
long‐range order. At the same time, the condensation extent increases, so again there is
likely to be an optimal relative humidity that assists with condensation without
decreasing long‐range order. This also suggests that, as other groups have suggested
346

, relative humidity can be used as a variable to tune the final pore characteristics of

mesoporous silica thin films.
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Figure 6.1. (a) XRD pattern collected in Bragg‐Brentano geometry and (b) GISAXS
pattern of C16TAB templated silica films (after extraction) aged at room temperature
(23±1 °C) and 45±5 %RH for 7 days.
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Figure 6.2. Representative FT‐IR absorbance spectrum of a silica thin film on a silicon
wafer templated with a 10:1 ratio of C16TAB to C8G1. The film was aged for 7 days at
20±1 °C under a relatively humidity of 45±5% prior to measuring this spectrum. The
uncoated silicon wafer was used as the background for FT‐IR spectra to allow direct
transmission measurements to be made.
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Figure 6.3. Change in order, as measured by PRI, of C16TAB/C8G1 templated silica thin
films by varying C8G1 mass fraction after aging at 20±1 °C and 25±5% RH for 10 days.
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Figure 6.4. Change in (a) d‐spacing and (b) long range order (PRI) with time measured
from XRD patterns of 10:1 C16TAB/C8G1 templated silica thin films during aging at 20±1
°C and 45±5 %RH.
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Figure 6.5. Change in condensation (the ratio of FT‐IR intensities of Si‐O‐Si and Si‐OH
bands) of 10:1 C16TAB/C8G1 templated silica thin films during aging at 20±1 °C and
45±5% RH over a total time scale of 4 days.
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Figure 6.6. Change in (a) d‐spacing and (b) long range order (PRI) for 10:1 C16TAB/C8G1
templated silica thin films after aging at different temperatures at 45±5% RH for 7 days.
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Figure 6.7. Change in condensation (from FT‐IR bands) of 10:1 C16TAB/C8G1 templated
silica thin films after aging at different temperatures at 45±5% RH for 7 days.
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Figure 6.8. Change in (a) d‐spacing and (b) long range order (PRI) of 10:1 C16TAB/C8G1
templated silica thin films after aging at different relative humidity at 20±1 °C for 7 days.
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Figure 6.9. Change in condensation (from FT‐IR) of 10:1 C16TAB/C8G1 templated silica

thin films after aging at different relative humidity at 20±1 °C for 7 days.
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CHAPTER 7
In‐Situ GISAXS Investigation of Pore Orientation Effects on the
Thermal Transformation Mechanism in Mesoporous Titania Thin
Films
This chapter is based on work published as:
Das, D.; Wu, Q.; Garlapalli, R.K.; Nagpure, S.; Strzalka, J.; Jiang, Z.; Rankin, S.E.; J. Phys.
Chem. C, 2014, 118(2), pp 968‐976.
7.1. Summary
This study addresses the effects of mesopore orientation on mesostructural stability and
crystallization of titania thin films during calcination based on measurements with in situ
grazing incidence small angle x‐ray scattering (GISAXS). Complementary supporting
information is provided by ex situ electron microscopy. Pluronic surfactant P123 (with
average structure (EO)20(PO)70(EO)20 where EO is an ethylene oxide unit and PO is a
propylene oxide unit) serves as the template to synthesize titania thin films on P123‐
modified glass slides with 2D hexagonally close packed cylindrical mesopores. The
orientation of the pores at the top surface is controlled by sandwiching another P123‐
modified glass slide on top of the titania thin film to completely orient the pores
orthogonal to the films in some samples. This provides the opportunity to directly
observe how pore orientation affects the evolution of pore order and crystallinity during
calcination. The results show that when the pores are oriented parallel to the substrate
at the top surface (for unsandwiched films), the pore structure is stable upon calcination
at 400 °C, but that the structure is quickly lost due to crystallization throughout the film
during calcination at 500 °C. The films with pores oriented orthogonal to the substrate
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at the top surface (sandwiched films) retain their long‐range pore order even after
calcination at 500 °C. The reasons for this difference are ascribed to greater resistance
to anisotropic stress during heating of the orthogonally oriented pores and to titania
crystallization nucleation at the top surface of the films with orthogonally oriented
pores.
7.2. Introduction
Titania thin films with ordered mesopore structures are of interest in numerous
applications such as photovoltaics347, 348, photocatalysis349‐353 and sensing354, 355 due to
their unique combination of optical / electronic properties356, high surface area, and
uniform pore size357. One of the most promising techniques to prepare such thin films
is via the evaporation‐induced self‐assembly (EISA) method358, 359 where the substrates
are dip360 or spin coated361 with a titania sol prepared using a templating agent (e.g. a
small molecule surfactant350 or block copolymer362) present during hydrolytic
polycondensation of a titania precursor such as a titanium alkoxide363 or titanium
chloride364. By this approach, it is possible to generate films with a wide variety of well‐
ordered structures and mesophases78,

365‐372

including 2D hexagonally close packed

(HCP) cylindrical pores359, 373, 374. While this phase is of interest because it provides a
densely packed array of cylindrical pores for introduction of wires or for reaction with a
contacting phase, its application is limited by the pores being oriented parallel to
hydrophilic substrates (such as glass, ITO or silicon wafers) due to the preferential
interactions of polar components (the titania precursor and PEO blocks) with the
substrate375. Those parallel pores have very poor accessibility to reactants66 and cannot
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be used for applications such as inorganic‐organic solar cells because of the limited
availability of the pore space. Several years ago, Koganti et al. showed that this problem
can be overcome by crosslinking a poly(ethylene‐r‐propylene) copolymer or P123 itself
and then sandwiching the films to synthesize titania thin films with hexagonally ordered
cylindrical mesopores tilted orthogonal to the substrate79.
While the modification of the substrates with crosslinked copolymer allows orthogonally
oriented HCP (o‐HCP) titania films to be prepared, like all mesoporous titania films,
controlling the crystallization of the titania after the initial synthesis is both necessary
and challenging. The necessity comes due to the importance of titania crystallinity in
controlling the band gap and charge carrier mobilities,376‐378 which in turn determine the
light absorption and electronic properties of the materials379,

380

.

Controlling

crystallization is challenging due to the loss of mesostructural order that can accompany
the large amount of atomic movement that occurs during crystallization.381, 382 Kirsch et
al. studied this problem previously and, based on a lower activation energy for
mesostructure loss than for titania crystallization, suggested that the optimal strategy to
preserve mesostructural order during crystallization is a rapid, high temperature
crystallization.162 This strategy is consistent with a 10‐minute calcination at 400 °C used
in the initial work by Koganti et al. with o‐HCP films.79 However, calcination at this
temperature leads to x‐ray amorphous, nanocrystalline anatase walls in the resulting
material. As we increase the temperature further, we expect greater crystallization to
occur, but at the risk of losing mesostructural order.382‐387 This is consistent with reports
of mesostructural stability up to 400 °C373, 374, and with coarsening reported for P123‐
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templated titania films upon calcination at 450 °C388. However, this is not a trivial
optimization problem because the mechanism of crystallization differs significantly
between bulk titania films and mesoporous films due to the possibilities of structure‐
dependent hindered or preferential nucleation and crystal growth, as discussed by other
researchers383, 384, 389.
Here we study the effect of the orientation of the pores of HCP columnar pores on the
evolution of the mesostructural order and crystallinity during calcination at higher
temperature than the nucleation temperature by in‐situ grazing incidence small angle x‐
ray scattering (GISAXS). The importance of pore orientation was alluded to in a study of
crystallization of mesostructured titania films by Bass et al., but was not directly
addressed. Instead, they reported crystallization kinetics consistent with 1D diffusion‐
limited crystallization from a limited number of nucleation sites in well‐ordered
materials vs. 3D diffusion‐limited crystallization in nonporous films.383 Disorder caused
the films to crystallize more similarly to nonporous titania films. Consistent with this,
Carreon et al. showed that cubic pores crystallize into anatase titania more readily than
2D hexagonal pores in P123‐templated mesoporous titania films, and that this is related
to greater photocatalytic activity in the former. 388 Here, the orientation (and only the
orientation) of the HCP pores at the air/film interface is controlled by either exposing
the as‐deposited films to air (to induce partial vertical alignment of the pores at the
solid substrate but parallel pores at the air interface), or sandwiching the films with a
second modified slide to induce full vertical alignment across the entire film. The sol
and thermal history of the films are otherwise identical. This approach will allow us to
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show that that the slight change in degree of pore orientation makes a huge impact on
the evolution of mesostructural order and crystallinity during calcination. As we will
show, for completely oriented films the crystallization appears to occur only on the top
surface of the pores, which allows the films to retain their mesostructural order under
conditions where the partially oriented (unsandwiched) titania films lose their
mesostructural order due to crystallization of the titania throughout the film.
7.3. Experimental
Titania thin films were prepared based on the procedures of Koganti et al.79 Prior to
depositing any material, plain borosilicate glass slides were cleaned with a NoChromix
glass cleaning solution (Godax Laboratories, Inc.).

Cleaned glass slides were then

modified by dip coating with an acetone solution containing equimolar amounts (0.415
mM) of Pluronic surfactant P123 (poly(ethylene glycol)‐block‐poly(propylene glycol)‐
block‐poly(ethylene glycol) with Mn ~ 5800, Sigma‐Aldrich) and 1,6‐diisocyanatohexane
(98%, Sigma Aldrich). To this solution, a single drop of glycerol was added to serve as a
cross‐linker so that the films would be stable. Slides with a modifying coating were aged
at 120 °C overnight to drive the cross‐linking reaction to completion. Titania sols were
prepared by adding 2.1 g of titanium ethoxide (Technical grade, Sigma Aldrich) to 1.53 g
concentrated HCl (36 wt%, EMD Chemicals), stirring for 10 min, and adding 0.65 g of
P123 dissolved in 6 g of ethanol (200 Proof, Decon Laboratories). Films were dip coated
at 7.6 cm/min withdrawal rate from the titania sol onto P123‐modified glass slides and
then aged in a highly humid environment (RH 95%) in a refrigerator (4 °C) for 2 h. The
humid environment was achieved by placing two small beakers of deionized water in a
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closed box along with the slides to allow vapor‐phase equilibration of water. To achieve
full orientation of the HCP phase vertical to the substrate, some of the freshly‐deposited
titania films were sandwiched with an identical P123‐modified slide before starting the
aging treatment. The superimposed modified substrate was removed before the
substrate was subjected to heating. Both sandwiched and unsandwiched films were
subjected to identical thermal treatment after aging.
In situ GISAXS experiments were done at the Advanced Photon Source at Argonne
National Laboratory on beamline 8‐ID‐E390 using a wave length of 1.687 Å and a sample‐
detector distance of 2010 mm. Aged samples were placed on a sample holder which
was connected with heating coils and then heated to a desired final calcination
temperature with different ramp rates.

After reaching the final calcination

temperature, all samples were kept at that temperature during in situ GISAXS
measurements. The heating device used was a stainless steel block with a temperature
controller. The thermocouple used for temperature control was placed on the titania
film as close as possible to the sampled area without interfering with the scattering. A
GISAXS pattern was collected at room temperature before heat was turned on and
again after the final temperature was attained, at which point the sample was realigned.
In situ data were collected with a Pilatus 1M pixel array detector using a 10 s exposure
time. Images were corrected for detector non‐uniformity and converted to q‐space
using the GIXSGUI package for Matlab391.
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The mesoporous structure of the titania films were examined using a high resolution
transmission electron microscope (TEM ‐ 2010F JEOL) at a voltage of 200 kV. TEM
samples were prepared by removing the film from the substrate with a razor blade and
dispersing the resulting powder in ethanol. A drop of the resulting dispersion was placed
onto a lacey carbon grid and dried before analysis. Scanning electron microscope
imaging was carried out to examine the plan‐view structure of the titania films using a
Hitachi S‐4300 instrument at 6 kV voltage. Samples were prepared for SEM by cutting a
small piece of the titania film‐coated substrate and attaching it onto a SEM stub with
carbon tape.
7.4. Results & Discussion
Figure 7.1 shows the SEM images of unsandwiched and sandwiched HCP ordered titania
thin films on P123 modified surface after calcination at the baseline temperature used
to prepare ordered mesoporous films (400 °C). TGA measurement was performed to
confirm that calcination at 400 °C leads to complete removal of the template
(Supporting Information Appendix E, Figure E.1). In Figure 7.1a, parallel stripes can be
observed indicating HCP pores oriented parallel to the substrate. The contrast of the
image is poor because the pores are actually located underneath the top surface of the
film, so the image is showing contrast due to differences in the thickness of the film
below the top titania layer. Figure 7.1b shows the 2D HCP pattern of orthogonally
oriented pores observed for sandwiched films after calcination at 400 °C. In both cases
(whether the films are sandwiched or not), a very well‐ordered 2D hexagonal structure
forms and remains stable after calcination at 400 °C. The only effect of sandwiching the
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films with a modified slide is to induce orientation of the pores orthogonal to the
substrate at the top surface of the film. The thickness of these films, measured by
ellipsometry, is on the order of 240 nm. The unit cell parameter is estimated by the
average distance between pores in the SEM images to be approximately 14‐15 nm.
When we increase the calcination temperature from 400 °C to 500 °C, the
mesostructural order is totally lost after calcination in the unsandwiched films, as shown
by (a) SEM and (b) TEM images in Figure 7.2. This loss of mesostructural order is caused
by the non‐uniform growth and sintering of anatase crystallites within the walls of the
porous film, as indicated by the wavy, uniform array of titania rods at the top surface of
the film in Figure 7.2a. Figure 7.2b shows that titania crystallites (which appear darker
in bright‐field TEM) are distributed throughout the film. The titania pore walls in films
calcined at low temperature (<400 °C) are nanocrystalline but as the temperature
increases, more extensive anatase crystallization takes place by growth and sintering of
the existing nanocrystallites to give the coarse texture in Figure 7.2a. The grain growth
due to crystallization most likely leads to anisotropic stress throughout the film caused
by frustrated shrinkage at the substrate surface.

This stress may contribute to

deformation and loss of mesostructural order. Eventually, when the titania grain size in
the pore wall becomes larger than the initial pore wall thickness, pores can collapse as
has been reported by other researchers162. The bright features due to partial charging
in the SEM image and the dark features due to high‐density titania regions in the TEM
image of Figure 7.2 are consistent with a nonuniform distribution of relatively large
titania crystallites throughout the films. This mesostructure loss precludes utilizing the
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pores of these films in applications such as photocatalysis and photovoltaics, so to
better understand the rate and mechanism of mesostructure loss, a GISAXS study was
also conducted.
Figure 7.3 compares the GISAXS patterns of unsandwiched and sandwiched titania films
coated onto P123‐modified glass slides after aging in the refrigerator (4 °C for 2 h) but
before any heat treatment. The films are aligned horizontal relative to the incident X‐ray
beam. Identifying the starting phase and orientation prior to thermal treatment is
important because this helps to rule out other possible interpretations of the observed.
data, such as apparent stripe patterns observed in “grid‐like” structures in distorted
cubic F127‐templated titania films392 and hexagonal patterns observed in (111)
projections of cubic phases (e.g., Fm3̅m and Im3̅m) and distorted 3D hexagonal titania,
previously observed for P123‐tempalted TiO2 with added butanol.368, 393 Soler‐Illia et al.
emphasized the importance of using complementary experimental techniques to assign
structures of mesoporous materials.394 For the unsandwiched film (Figure 7.3a), a set of
in‐plane rods and out‐of‐plane spots is observed in the GISAXS pattern. Out‐of‐plane
spots were indexed to distorted 2D HCP mesophase parallel to the substrate with
rectangular symmetry (C2mm),395 and the inplane spots were indexed to an
orthogonally oriented 2D HCP phase. Unit cell parameters for the rectangular pattern
are a =14.9 nm and b = 19.3 nm. A comparison of calculated and measured d‐spacing
values based on this structure is shown in Supporting Information Appendix E, Figure
E.2. The ratio b/a = 1.29, which represents a 25% contraction normal to the plane of the
film compared to an ideal hexagonal structure (which has b/a = 1.73). The unit cell
163

parameter for the vertically aligned hexagonal spots is a = 15 nm. Overall, the pattern is
consistent with a mixed orientation HCP structure where the parallel domains
(presumably present at the film−air interface in an unsandwiched film) are distorted due
to contraction normal to the film during aging. In contrast, the sandwiched film shows a
GISAXS pattern (Figure 7.3b) dominated by the orthogonal HCP mesopore pattern.
There are faint hints of the parallel C2mm structure, most notably the (02) diffraction,
but this blends into the intensity from the reflected beam. While the orthogonal
alignment may not be 100% complete, Figure 7.3b indicates that sandwiching during
aging gives a film with significantly more orthogonal HCP pores.
Figure 7.4 compares the GISAXS patterns of the TiO2 films just after reaching the final
calcination temperature 500 °C. At this point, no distinct out‐of‐plane diffraction spots
are visible. Instead, two intense vertical rods located on both sides of the beam stop, at
0.048 Å‐1, are indexed to the (100) plane of the HCP structure and indicate that

orthogonally oriented HCP pores are present in both sandwiched and unsandwiched
films.79 Also consistent with this structure a very weak hemispherical out‐of‐plane
diffraction ring are observed in both cases396. The intensity of the rods is reduced
relative to Figure 7.3 (due to some loss of long‐range order), and the spots from the
parallel (C2mm) structure are lost in the unsandwiched film either because of a
reduction in order within the parallel layer or because additional contraction caused the
spots to move outside of the observed q‐vector range. A similar trend (loss of out‐of‐
plane diffraction spots) has been observed upon anisotropic contraction of cubic films in
F127‐templated materials during heating, but in that case the cubic phase was identified
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prior to heating and elongation of inplane diffraction spots into rods was observed
during curing.392, 394 Here, the elongated rod‐like features were present prior to heating
and thus are consistent with a layer of orthogonally aligned HCP pores at the
substrate−film interface. In the unsandwiched films, this structure is accompanied by a
thin layer of parallel distorted HCP pores at the vapor−film interface that may lose their
order or become significantly compressed during heating to 500 °C.
Although the 2D GISAXS patterns of unsandwiched and sandwiched films look almost
identical just after reaching final calcination temperature (500 °C), the patterns differ
dramatically after holding the samples at calcination temperature (500 °C) for 500 sec.
Figure 7.5 compares the 2D GISAXS pattern of unsandwiched and sandwiched titania
films after calcination at this ramp rate and holding the samples at 500 °C for 500
seconds. The unsandwiched film (Figure 7.5a) has a low‐intensity, diffuse pattern
without vertical rods, suggesting loss of long‐range mesostructural order, which is
consistent with the SEM and TEM images in Figure 7.2. However, the mesostructural
order remains stable for sandwiched films as indicated by the presence of intense
vertical rods in Fig. 7.5b after calcination at 500 °C. The mesostructural order of
sandwiched films remained stable not only for the 500 sec represented in Figure 7.5b,
but for at least 25 additional minutes during the GISAXS experiment (data after 500 sec
not shown). Note that the slide used for sandwiching was removed prior to heating the
sample, so the difference between the two samples shown in Figure 7.5 is only due to
the difference in initial pore orientation induced by sandwiching the film during low‐
temperature aging.
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To further illustrate the stability of the mesostructural order in the films, time‐resolved
in situ GISAXS experiments were conducted. To best represent the evolution of the
order, a slice of the 2D GISAXS patterns was taken at qz = (0.06‐0.07) Å‐1. Figure 7.6
shows the evolution of the resulting 1D scattering patterns for unsandwiched and
sandwiched films over the course of the isothermal plateau at 500 °C. The (100)
diffraction of the vertically oriented films is apparent at the start of the aging period at
±0.048 Å‐1 and to best visualize the results, time increases as the curves move
forward in the waterfall plots. It is clear from Figure 7.6a that the unsandwiched films
rapidly lose their mesostructural order. The intensity of the (100) peak from Figure 7.6a
vs. time is plotted in Figure 7.7, and was fit with a first‐order kinetic model for the first 5
minutes of treatment (the solid curve in Figure 7.7) to give a rate coefficient of 0.56 ±
0.03 min‐1 for loss of mesostructural order in the unsandwiched films. In contrast, the
sandwiched film shows almost no change in the intensity of the (100) peak over the 500
seconds illustrated in Figure 7.6b. Fitting the intensity vs. time results for this case
(Figure 7.7) for the first 3 minutes (where the model matches well) leads to a lower limit
on the rate coefficient of 0.047 ± 0.07 min‐1 ( dashed curve in Figure 7.7). Clearly, this
represents an enormous improvement in the stability of the mesostructure towards
being lost due to crystallization at this temperature. Also, the intensity becomes
roughly constant at around 3 min for the sandwiched film which suggests that the
majority of the mesostructure remains stable at 500 °C.
Two possible reasons could be responsible for the difference in mesostructure stability
during crystallization for the sandwiched and unsandwiched films. The first is the
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response of the films to the anisotropic stress that is likely to arise due to frustrated
shrinkage of the film in the lateral direction. Adhesion of the film to the substrate gives
rise to tensile stress in the plane of the film during crystallization397 and compressive
stress normal to the substrate. This leads to deformation of 2D HCP structures to give
films with rectangular symmetry when the material is able to withstand the stress,398‐400
but when crystallization is occurring simultaneously, this stress most likely contributes
to loss of long‐range order. We speculate that one of the reasons that the sandwiched
films are better able to withstand crystallization without loss of order is that the
continuous matrix of TiO2 in the lateral film direction of orthogonally oriented films
better withstands tensile stress encountered during crystallization. The orthogonally
oriented pores also are better able to withstand the compressive stress normal to the
films rather than being “squeezed” to give a deformed structure that can lead to loss of
order.
The second reason that the sandwiched films are more stable during crystallization
could be a change in crystallization mechanism. To investigate this possibility, ex situ
electron microscopy of the films following calcination at 500 °C after a 40 °C/min ramp
was performed. Figure 7.8 shows the SEM and TEM images of the sandwiched titania
films.

These images show that, consistent with the GISAXS results, there is a

considerable amount of mesostructural order retained in the films. Figure 7.8a shows
that the top surface consists of a HCP array of cylindrical pores with minor defects but
overall good retention of long‐range order. The FFT (inset) confirms this order. The
TEM image in Fig. 7.8b is a plan‐view image of the same film (we can tell this because
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the section of film being observed is much larger than the thickness of the film, so it
must represent a piece of film that delaminated intact during sample preparation), and
also shows fairly good retention of the orthogonal 2D HCP structure. In contrast, under
the same condition the unsandwiched films totally lost their long‐range mesostructural
order, as observed by both SEM and TEM (Figure 7.2) and in GISAXS pattern in Figure
7.5a. At the top surface of the unsandwiched film (Figure 7.2a), remnants of aligned
cylindrical pores can be observed, but the walls have coarsened relative to the original
film due to sintering, and the uniformity of the pores has been lost. The net result is an
undulating pattern with a net orientation but no long‐range order. In the TEM image, a
disordered array of pores orthogonal to the film can be seen (again, Figure 7.2b is a view
of an oriented section of delaminated film). The appearance of the SEM and TEM
images is different because the layer of parallel pores near the top surface (which gives
rise to the SEM image) must have been thin, while the image through the film in TEM is
consistent with disordered orthogonal HCP films that are present near the base of the
film. This layered structure is consistent with the net orthogonal orientation observed
by GISAXS prior to calcination.
In addition to the mesopore structure in the electron micrographs, additional features
can be resolved. In SEM, regions are observed in Fig. 8a which appear bright because of
charging. These are most likely crystallites of titania which are sitting on the top of the
film. The top surface of the unsandwiched sample (Figure 7.2a), in contrast, has
uniform brightness due to uniform crystallinity. This suggests that crystallization in the
sandwiched film occurs preferentially at the film/air interface, rather than throughout
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the film. Also in the TEM image of the unsandwiched film (Figure 7.2b), dark regions are
observed throughout the entire film, which represent regions with higher electron
density (higher crystallinity). In the sandwiched films (Figure 7.8b), there are fewer
isolated particles of high contrast, which are consistent with the bright features
observed by SEM.

This again suggests that crystallization occurs throughout the

unsandwiched film, while it occurs preferentially at the air/film interface in the
sandwiched film.
To identify the crystalline phase present in the titania films, high‐resolution TEM
(HRTEM) and selected area electron diffraction (SAED) were performed for a
sandwiched film after calcination at 500 °C (Figure 7.9). In a representative HRTEM
image (Figure 7.9a) lattice fringes with a d spacing of 0.35 nm (corresponding to the
(101) crystallographic plane of anatase TiO2) can be clearly seen. Other HRTEM images
were collected, all of which showed lattice fringes consistent with anatase, such as that
in Supporting Information Appendix E, Figure E.3, which shows lattice fringes with a d
spacing of 0.19 nm (corresponding to the (200) plane of anatase). No lattice fringes
were observed with d spacings corresponding to rutile. In addition to direct visualization
by HRTEM, the SAED pattern from the same sample (Figure 9b) has seven rings which
were indexed to the anatase structure reported by Howard et al. 401 The d spacings from
SAED have an average deviation of only 0.53% relative to literature values (complete
comparison is provided in Supporting Information Appendix E, Table E.1). This shows
that the crystallization process is an amorphous‐toanatase transition consistent with the
phase diagram of bulk titania.
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In well‐ordered mesoporous materials, crystallization is thought to occur by a one‐
dimensional diffusion‐controlled mechanism.383,

384

In the sandwiched films, the

crystallization path along the walls is limited only by the thickness of the film, and
preferential nucleation and growth of crystalline titania is able to occur at the film
surface. This isolated crystallization on the top surface of the pore walls generates less
stress throughout the pore walls and as a result the mesostructural order survives at a
higher temperature for fully oriented sandwiched films.

On the other hand, the

unsandwiched films have a layer of parallel pores that “cap” the film and prevent the
diffusion of titanium to the air/film interface. This leads to crystallization of the titania
throughout the films, which gives rise to greater stress and a greater tendency to lose
mesostructural order. Also, because of the change of orientation of the pores within
the film, the mesostructure is more defective, and thus more likely to occur through
more of a 3D diffusion‐limited mechanism (as discussed by Bass et al. for mesoporous
titania films with more defects383). This mechanism leads to crystallization throughout
the sample and, because 3D crystallization has a lower activation energy than 1D
crystallization in a well‐ordered mesoporous structure383, occurs to a greater extent in
the unsandwiched films.

Thus, the unsandwiched films crystallize and lose their

mesostructural order more quickly at 500 °C than the sandwiched films.
7.5. Conclusions
In summary, the effect of pore orientation on mesostructural stability and crystallization
of titania thin films with 2D hexagonal close packed (HCP) columnar nanopores has been
investigated using in‐situ GISAXS and by ex‐situ TEM and SEM imaging. From the results
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it is clear that perfect orthogonal pore orientation in sandwiched films has a
tremendous impact on mesostructural stability of the films. The electron microscopy
suggests that this is not only due to differences in how the films respond to stress during
crystallization; preferential crystallization at the top surface of the pores also occurs,
which most likely leaves the interior of the pores less crystalline and helps to withstand
the anisotropic stress that develops due to titania curing and crystallization.

In

unsandwiched films, the films contain more defects and do not have as many
continuous pathways to the top surface of the film, so crystallization occurs in more of a
3D diffusion‐limited manner throughout the film.

While these observations are

consistent with prior investigations of the crystallization mechanism in mesoporous and
nonporous titania films,383,

384, 402

this is the first time that a surface‐crystallization

phenomenon has been observed in oriented mesoporous films and correlated with
enhanced mesostructure stability. In the future, more detailed temperature‐dependent
studies are planned to further explore the kinetics of titania crystallization in confined
pore walls that will ultimately lead to a better understanding of the optimal thermal
treatment to use when preparing surfactant‐templated, orthogonally oriented
mesoporous titania films for photovoltaic and photocatalytic applications.
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Figure 7.1. SEM images of (a) unsandwiched (b) sandwiched titania films aged at 4 °C
and calcined at 400 °C for 10 min after heating at a rate of 40 °C/min. The scale bar in
both images is 250 nm wide.
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Figure 7.2. (a) SEM (scale bar 250 nm) and (b) TEM images (scale bar 100 nm) of
unsandwiched titania films prepared by dip coating from sols aged at 4 °C and calcined
at 500 °C after heating at a rate of 40 °C/min. Insets are fast Fourier transforms (FFTs) of
the images provided to emphasize the lack of long‐range order.
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Figure 7.3. GISAXS patterns of (a) unsandwiched and (b) sandwiched titania thin films
after aging at 4 °C for 2 h and just before calcination at room temperature (22.5°C). The
films are oriented horizontally (in the xy plane) relative to the incident beam for this
experiment.
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Figure 7.4. GISAXS patterns of (a) unsandwiched and (b) sandwiched titania thin films
after aging at 4 °C for 2 h and just after reaching final calcination temperature 500 °C.
The films are oriented horizontally (in the xy plane) relative to the incident beam for this
experiment.
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Figure 7.5. GISAXS pattern of (a) unsandwiched and (b) sandwiched titania thin films
after heating at 40 °C/min to 500 °C and holding at that temperature for 500 sec. The
film is oriented horizontally (in the xy plane) relative to the incident beam for this
experiment.
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Figure 7.6.

Evolution of the (100) diffraction peak in the qy direction for (a)

unsandwiched and (b) sandwiched titania thin films during isothermal heat treatment at
500 °C. The plots were generated by integrating slices from the 2D GISAXS patterns for
qz values from 0.06 to 0.07 for times starting after the 40 °C/min ramp to the final
temperature.
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Figure 7.7. Intensity of the (100) reflection vs. time at 500 °C expressed as a ratio to the
initial intensity at the end of the 40 °C/min ramp. Data are shown for unsandwiched
(filled symbol and solid curve) and sandwiched (open symbols and dashed curve) films.
The curves are fits of an exponential function to the initial 5 min (unsandwiched) and 3
min (sandwiched) of data.
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Figure 7.8. (a) SEM (scale bar 250 nm) and (b) TEM images (scale bar 100 nm) of
sandwiched titania thin films on modified glass slides aged at 4 °C for 2 h and calcined at
500 °C. The insets of fast Fourier transforms (FFTs) of the images.
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Figure 7.9. (a) HRTEM image and (b) Selected area electron diffraction (SAED) pattern
and of sandwiched titania thin films on modified glass slides aged at 4 °C for 2 h and
calcined at 500 °C.
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CHAPTER 8
Pore Orientation Effects on the Kinetics of Mesostructure Loss in
Surfactant Templated Titania Thin Films

8.1. Summary
The mesostructure loss kinetics are measured as a function of the orientation of
micelles in 2D hexagonal close packed (HCP) columnar titania thin films using in‐situ
grazing incidence small angle x‐ray scattering (GISAXS).

Complementary supporting

information is provided by ex‐situ scanning electron microscopy. Pluronic surfactant
P123 acts as the template to synthesize HCP structured titania thin films. When the
glass substrates are modified with crosslinked P123, the micelles of the HCP mesophase
align orthogonal to the films, whereas a mix of parallel and orthogonal alignment is
found on unmodified glass. The orthogonally oriented (o‐HCP) thin (~60 nm thick) films
prepared on modified substrate are more thermally stable toward mesostructure loss
(activation energy ~155 kJ/mol) than the HCP films on unmodified substrates (activation
energy ~126 kJ/mol). Nearly perfect orthogonal orientation of micelles on modified
surfaces contributes to the larger activation energy by supporting the anisotropic
stresses that develops orthogonal to the films during annealing. The effectiveness of
orthogonal orientation and the corresponding thermal stabilization has a strong
correlation with film thickness. Because the film thickness dictates the propagation of
orientation throughout the films and the degree of confinement, thicker (~250 nm) films
cast onto P123‐modified substrates have a much lower activation energy for
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mesostructure loss (89 kJ/mol) due to the mix of orientations found in the films.

Thus

we conclude that thin P123‐templated o‐HCP titania films are not only better able to
achieve good orthogonal alignment of the mesophase relative to thicker films or films
on unmodified substrates, but that confinement and alignment of the mesophase in the
films synergistically stabilize the mesophase against thermally‐induced mesostructure
loss.
8.2. Introduction
Templated nanoporous titania thin films, prepared via evaporation‐induced self‐
assembly (EISA),73, 403, 404 have attracted scientific interest for the last two decades in
numerous applications such as photovoltaics,405‐407 electronic devices,408,

409

photocatalysis350, 410 and sensors.354, 411 The well‐ordered uniform titania pores, created
after removal of a templating agent (surfactant412 or block copolymer413), offer unique
physicochemical properties such as high surface area, affinity towards certain ligands
and electronic conductivity, that makes mesoporous titania thin films a perfect
candidate for these above mentioned applications.153, 414 By varying the ratio of titania
precursor to templating agent is possible to generate titania films with a wide variety of
well‐ordered mesostructures including lamellar, cubic and 2D hexagonally close packed
(HCP).77,

78, 138, 146, 367, 368, 415

Among these phases 2D HCP cylindrical pores are of

particular interest because they provide well defined short diffusion paths for reactants
and charge carriers, ideal for introducing photoelectrochemistry or introducing wires for
reaction with a contacting phase.74, 416, 417 However, a major barrier to the application of
2D HCP mesoporous titania is that the pores of the structure typically align parallel to
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the coating substrate due to preferential interactions between hydrophilic substrates
(such as glass, ITO or silicon wafers) and the polar components of the film (the titania
precursor and polar parts of templating agent).51

Parallel pores are only poorly

accessible to reactants, and thus are not usable in many of the applications of interest
for titania.66
The HCP pore orientation problem can be overcome by using a variety of approaches
using fields, confinement, and surface modification techniques that makes the substrate
neutral with respect to the polar and nonpolar parts of the templating agent.418 Koganti
et al. have shown for P123 templated titania thin films that it is possible to produce HCP
mesopores aligned orthogonal to the substrate by first using a crosslinked layer of a
surface modifier such as poly(ethylene oxide‐r‐propylene oxide) copolymer or P123
itself, and then by sandwiching the films.79,

80

The resulting films have accessible

uniform cylindrical nanopores tilted so that they are accessible, and thus usable for
applications analogous to anodized titanium films.419‐421

The advantage of the

surfactant templating approach, however, is that it allows for smaller pores to be
produced more readily than anodization, and also as a coating process can be scaled up
for large‐area production and adapted for a variety of substrates and interfacial
chemistries.
Along with the ordered mesostructure it is necessary to control titania crystallinity for
(photo) electrochemical applications as it plays a significant role in tuning the band gap
and charge carrier mobility.422‐424 Sol‐gel derived titania films generally are amorphous
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after formation and crystallinity emerges with the formation of anatase during heat
treatment above 400 °C.392, 425 Crystallization of titania by heat treatment comes with
the potential sacrifice of mesostructural order due to the large amount of atomic
movement during crystallization.147,

426

The tradeoff between maintaining mesopore

structure and developing crystallinity during thermal treatment is a well‐known
challenge that has been addressed in prior studies. Kirsch et al. used a combination of
wide‐ and small‐ angle x‐ray scattering to measure activation energies for anatase
formation vs. mesostructure loss in P123‐templated Im3m cubic titania films. Because
they observed a greater activation energy for crystallization, they recommended rapid,
high temperature thermal treatments to promote crystallization with minimal
mesostructure loss. Bass et al. studied the effects of mesostructure symmetry and
concluded that disorder in the mesophase make the films crystallize similar to
nonporous TiO2 films,383 which is also consistent with the report of Carreon et al.388
A prior study by Das et al. showed that titania films with orthogonally oriented HCP (o‐
HCP) pores generated by sandwiching films between two modified substrate have
better thermal stability than films with mixed pore orientation prepared from the same
coating solution on a single modified substrate.427

The enhanced stability was

attributed to differences in the ability of the o‐HCP structure to withstand anisotropic
stress during curing and a change in the mode of anatase nucleation. However, there
are some limitations of using the sandwiching approach to controlling mesostructured
orientation. It is a manual technique which is susceptible to variability in surface
homogeneity, pressure during sandwiching, and time between film coating and
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sandwiching. Also this technique may not be suitable for some applications where the
top surface of the films needs to be modified just after coating.428, 429 Sandwiching also
introduces the possibility that the differences observed in thermal stability were caused
by a surface phenomenon such as heterogeneous nucleation of anatase. To overcome
these limitations, Koganti et al. showed that the orthogonally oriented pores can also be
created using only one modified substrate below a critical thickness (~100 nm).79
Here we present a detailed study of the kinetics of the mesostructural transformation of
thin (<100 nm thick) titania films using in situ grazing incidence small angle x‐ray
scattering (GISAXS) complemented by ex situ scanning electron microscopy (SEM).
Transformation kinetics are studied as a function of pore orientation induced by
modifying surface or by changing the film thickness. The in situ GISAXS data are
gathered with sufficient temporal resolution to allow kinetics to be followed and are
modeled using the Avrami equation at each temperature.

Arrhenius temperature

dependence is assumed to determine the activation energy for mesostructural
deterioration for each case. The hypothesis to be tested is that thin films (~60 nm thick)
prepared on a modified glass substrate with o‐HCP structure will have higher activation
energy for mesostructure loss than films with parallel or mixed HCP pores on
unmodified substrates, which explains their greater thermal stability. A second part of
the study will be to use thicker (~250 nm thick) films to address the effects of film
thickness on the propagation of orientation throughout the films. It is expected that
thicker films will have lower activation energy for mesostructure deterioration compare
to thinner films on both unmodified and modified substrates, due to the mix of HCP
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orientations in these films. The study also includes measurements of the effects of
temperature ramp rate on mesostructural transformation of titania thin films to search
for possible optimal conditions for heating.
8.3. Experimental
Titania thin films were prepared based on the procedures of Koganti et al.79 Prior to
depositing any material, plain borosilicate glass slides were cleaned with a NoChromix
glass cleaning solution (Godax Laboratories, Inc.).

Cleaned glass slides were then

modified by dip coating with an acetone solution containing equimolar amounts (0.415
mM) of Pluronic surfactant P123 (poly(ethylene glycol)‐block‐poly(propylene glycol)‐
block‐poly(ethylene glycol) with Mn ~ 5800, Sigma‐Aldrich) and 1,6‐diisocyanatohexane
(98%, Sigma Aldrich). To this solution, a single drop of glycerol was added to serve as a
cross‐linker so that the films would be stable. The slides with a modifying coating were
aged at 120 °C overnight to drive the cross‐linking reaction to completion. Titania sols
were prepared by adding 2.1 g of titanium ethoxide (technical grade, Sigma Aldrich) to
1.53 g of concentrated HCl (36 wt%, EMD Chemicals), stirring for 10 min and adding 0.65
g P123 dissolved in 36 g or 6 g of ethanol (200 Proof, Decon Laboratories) for thin or
thick films respectively. Films were dip coated at 7.6 cm/min withdrawal rate from the
titania sol onto P123‐modified or unmodified glass slides and then were aged in a humid
environment (RH 66%) in a refrigerator (4 °C) for 2 hr. The humid environment was
achieved by placing two small beakers of possasium nitrate‐saturated aqueous solution
in a closed box along with the slides to allow vapor‐phase equilibration of water.
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In situ GISAXS experiments were done at the Advanced Photon Source at Argonne
National Laboratory on beamline 8‐ID‐E430 using a wave length of 1.687 Å and a sample‐
detector distance of 1397.7 mm. Aged samples were placed on a sample holder which
was connected with heating coils and then heated to a desired final calcination
temperature with different ramp rates.

After reaching the final calcination

temperature, all samples were kept at that temperature during in situ GISAXS
measurements. The heating device used was a stainless steel block with a temperature
controller. The thermocouple used for temperature control was placed on the titania
film as close as possible to the sampled area without interfering with the scattering. A
GISAXS pattern was collected at room temperature before heat was turned on and
again after the final temperature was attained, at which point the sample was realigned.
In‐situ data were collected with a Pilatus 1M pixel array detector using a 1 sec exposure
time. Images were corrected for detector nonuniformity and converted to q‐space
using the GIXSGUI package for Matlab.431
To complement the GISAXS measurements, the mesoporous structures of selected
titania films were examined using a Hitachi S‐900 Scanning electron microscope
instrument at 6 kV voltage. The samples were prepared for SEM by cutting a small piece
of the titania film‐coated substrate and attaching it onto a SEM stub with carbon tape.
Coating of colloidal graphite (isopropanol base) was done on the sample edges to
increase conductivity by making the top surface in electrical contact with bottom
surface.

187

8.4. Results & Discussion
Figure 8.1 shows the SEM images of P123 templated titania thin films (~60 nm thick as
measured by ellipsometry, prepared using 36 g of ethanol) on both an unmodified
borosilicate glass substrate and one modified with crosslinked P123 after calcination at
500 °C. For titania films on unmodified substrate, HCP pores were expected to be
oriented parallel to the substrate due to preferential interactions of the headgroups of
the templating agent with the hydrophilic substrate. Instead, Figure 8.1a shows that
some degree of orthogonal orientation of pores was observed on unmodified
substrates, indicated by pore openings in the SEM image. Partial orthogonal alignment
of HCP titania composite films on unmodified slides was also found in an in situ GISAXS
study of aging in these films 432, and may be a result of decreased segregation between
poly(ethylene oxide) [PEO] and poly(propylene oxide) [PPO] blocks during aging at low
temperature. The fragments of material on top of the film in Figure 8.1a may be
collapsed sections of the top layer of film which were initially oriented parallel to the
substrate but whose structure collapsed during heating.427 In contrast, Figure 8.1b
shows the 2D HCP pattern of well‐ordered pores with perfectly orthogonal orientation
on a P123‐modified substrate. The unit cell parameter is estimated by the average
distance between pores in the SEM images to be approximately 14‐15 nm for both types
of films, so the only difference between them is the degree of orthogonal orientation of
the HCP mesophase.
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Figure 8.2 compares the GISAXS patterns of mesostructured titania/P123 composite
films on both unmodified and P123‐modified substrates at room temperature after
aging but before heating. The films were aligned horizontal relative to the incident x‐ray
beam. Figure 8.2a shows a combination of intense out of plane and in‐plane diffraction
spots in the GISAXS pattern. Out‐of‐plane spots were indexed to a distorted 2D HCP
mesophase parallel to the substrate with rectangular symmetry (C2mm),395, 427 and the
in‐plane spots were indexed to an orthogonally oriented 2D HCP phase. Unit cell
parameter for the rectangular pattern are a=14 nm and b=17.3 nm. The ratio b/a=1.4,
which represent 19% contraction normal to the plane of the film compared to an ideal
hexagonal structure (which would have b/a=1.73). The unit cell parameter for the
vertically aligned hexagonal spots is a= 16.8 nm. The overall pattern is consistent with a
mixed orientation HCP structure. A comparison of calculated and measured d‐spacing
values based on this structure is shown in Supporting Information Appendix F, Figure
F.1. In the case of a titania film on P123‐modified substrate (Fig. 2b), the presence of
only two intense in‐plane vertical Bragg rods located on both sides of the beam stop
indicates a perfectly orthogonally oriented HCP mesophase that is also consistent with
the SEM image in Figure 8.1b obtained upon calcination of this structure.
To determine how the degree of orthogonal alignment affects mesostructure evolution
during heating, films on P123‐modified and unmodified substrates were subjected to
heating. Unfortunately, thermal expansion of the materials made it impossible to
collect GISAXS data during the ramp from room temperature to the final temperature,
but data collection began as soon as possible after realignment upon reaching the final
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temperature. Figure 8.3 shows representative examples of the GISAXS patterns from
titania films on both unmodified and modified substrate just after reaching a final
calcination temperature of 600 °C and realigning the instrument. For a final calcination
temperature below 600 °C, no significant change in the intensity of the diffraction spots
was seen after holding the titania films for 90 minutes (data not shown). During the
heating of the templated titania films the polymer was oxidized and completely
removed at 350 °C

427

thus leaving behind porous titania structure. It is evident from

Figure 8.3 that both films on unmodified substrate (Figure 8.3a) and on modified
substrate (Figure 8.3b) have lost some mesotructural order over the course of ramping
to an elevated temperature. In Figure 8.3a, there are no out of plane spots indicating
total loss of domains with parallel HCP orientation. Although vertical rods can be seen
in Figure 8.3a, they have lost significant intensity and have become broader compared
to initial GISAXS pattern at room temperature (Figure 8.2a). All of these features
indicate that for titania films on unmodified substrates, the domains of parallel HCP
pores are much for susceptible to thermal deterioration than the orthogonally oriented
domains.

The order of the orthogonally oriented pores in films on unmodified

substrates also starts to deteriorate and the pore size distribution may become broader,
as indicated by broadening of the vertical rodsand the loss of intensity of the vertical
rods in Figure 8.3b, compare to the initial condition at room temperature in Figure 8.2b.
However, the change is less than for the unmodified substrates (Figure 8.3a). This loss
of mesostructural order is caused by diffusion and sintering during crystallization, and
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due to anisotropic stress developed due to crystallization of titania in the pore walls,
starting above ~450 °C,427 and leads to frustrated shrinkage at the substrate surface.
While they have some similarity at the end of the temperature ramp, the GISAXS
patterns of P123‐templated titania films on unmodified and modified substrates differ
dramatically after holding the samples at calcination temperature (600 °C) for 60 min
(Figure 8.4). The titania film on unmodified substrate (Figure 8.4a) has a diffuse pattern
centered around the Yoneda band with only faint vertical rods, indicating nearly
complete loss of long‐range mesostructural order. In contrast, titania films on modified
substrates not only retained a significant amount of mesotructural order for the initial
60 min, indicated by vertical rods in in Figure 8.4b, but for at least another 30 min
during the GISAXS experiment (data not shown). SEM imaging was performed using the
same samples as those used for GISAXS experiments to observe the pore structure. As
Figure 8.5 shows, the titania film on the unmodified substrate (Figure 8.5a) is partially
porous but has lost its long‐range mesostructural order completely after 60 min at 600
°C, consistent with GISAXS data (Figure 8.4a). In contrast, the titania film on modified
substrate (Figure 8.5b) still retains some long range mesopore order even after 90 min
at 600 °C.
To best quantify and compare the stability of the mesostructural order in the films on
both unmodified and modified substrates, 2D GISAXS data were taken in 5 min intervals
and a slice of each pattern was taken at qz = (0.06‐0.07) Å‐1 after reaching the final
calcination temperature. While it is not in the Yoneda band, this qz range was chosen
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because it is quite sensitive to the presence and intensity of Bragg rods due the o‐HCP
structure. The area under the vertical rod, the orthogonal (100) peak, was determined
after baseline correction and normalized by the peak area just after reaching the final
calcination temperature. Figure 8.6 shows the time evolution of the normalized area
under the (100) peak after reaching 600 °C for titania films on both unmodified and
modified substrates. While both films show deterioration in the intensity of this peak,
the film on modified substrate better retains its long range order compared to the film
on unmodified substrate. Consistent with the 2D patterns in Figure 8.4, the normalized
area for the film on a modified substrate is almost 5 times higher than the area the film
on an unmodified substrate after the 60 minutes evolution period used for kinetic
analysis.
Insight into the mechanism of the thermal transformation was gained by applying the
Avrami equation. The Avrami equation is often used to analyze phase transformation
processes involving continuous nucleation and growth or loss of a phase. The Avrami
equation is given by:
1

(1)

where α = the fraction of mesostructural order deteriorated, t = time, k = the rate
coefficient of mesostructural deterioration and n = transformation propagation
parameter.
The equation 1 can further be linearized as:
1

∗

∗
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(2)

Isothermal evolution studies of mesostructural deterioration of titania films on both
unmodified and modified substrate were done for three different temperatures (600 °C,
625 °C and 650 °C) and the in‐situ data were fit by linear regression using eq. 2. Figure
8.7 shows the fitting at each temperature for each sample. The linearized form of the
Avrami equation fit all isothermal data reasonably well and can be further used to
determine the parameters associated with these mesostructural deterioration
processes. The values of n and k at each temperature are summarized in Table 8.1. For
all experiments, the value of n associated with mesostructure loss is between 0.63 and
1.1, which is consistent with a one dimensional diffusion controlled mechanism for the
thermal transformation of these titania films. This suggests that loss of order occurs
due to diffusion along the walls of the material in a preferred direction due to the HCP
structure. Increasing rate coefficient (k) values with temperature for films on both
unmodified and modified substrates in Table 8.1 indicate an activated process for loss of
order.
The effect of orientation on the activation energy for mesostructure loss was
±determined using the linearized Arrhenius equation (eq. 3):
/

∗

(3)

where, A = a preexponential factor, Ea = activation energy for mesostructural
deterioration, T = absolute temperature and R = universal gas constant.
Figure 8.8 shows plots of ln(k) vs 1/T for titania films, which give activation energies of
126±100 kJ/mol for films on unmodified substrates and 155±25 kJ/mol for films on
P123‐modified substrates. This activation energy is associated with the deterioration of
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the orthogonal component of titania films on both unmodified and modified substrate
as the parallel domain is already absent above 400 °C.427 These activation energy values
are comparable with the activation energy described in the literature for the
deterioration of titania films with cubic phase (140 KJ/mol).162 The large standard error
associated with the activation energy for the films on unmodified substrate is due to the
large deviation in the measurement at 625 °C compare to other temperatures. We were
limited by the beam time available and were unable to replicate this experiment at this
temperature or any other temperature, so we are reporting the result here including
that measurement. Slightly higher activation energy for films on the modified substrate
means that the orthogonally oriented domains of titania films on modified substrate are
more thermally stable than the orthogonal domains of films on unmodified substrates.
The reason may be that the density of bending defects, or tortuosity associated with the
orthogonal component, is higher for films on unmodified substrates (which start with a
significant fraction of parallel domains) than the more uniform orthogonal domains on
the modified substrate. The heterogeneity of the domains of films on unmodified
substrates would be expected to introduce more defects to nucleate loss of order in the
orthogonal domains, and would also be less resistant to anisotropic stress than films on
modified substrates with more uniform orthogonal domains and a well defined path for
diffusion of atoms during crystallization and curing.
The effects of film thickness on the thermal stability of this system were also studied for
P123‐templated titania films on P123 modified substrates. The film thickness was
increased to ~230 nm for this study by using only 6 g of ethanol for the final dilution
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step of sol preparation. SEM images and 2D GISAXS pattern of titania films having 230
nm film thickness on P123 modified substrate was already reported in previous work. 427
There, it was shown that without sandwiching the films with a second modified slide,
only partial orthogonal orientation was obtained.

The films exhibited significant

mesostructure loss even after calcination at 500 °C. Figure 8.9 shows that similarly, the
thicker films on modified substrates lose their long‐range order quickly upon heating at
elevated temperature (within 5 min at 600 °C). The intensity of the vertical (100) rod is
shown in this figure, and all other long‐range order was lost by the time that the final
calcination temperature was reached. The normalized intensity of the (100) rod from qz
= (0.06‐0.07) Å‐1 was used to generate this plot. As in the previous study,427 more
complete orthogonal alignment (in this case in thin films on modified substrates) leads
to greater retention of mesostructural order during heating compared with a less
completely aligned, thicker film.
The Avrami equation was applied to the mesostructure loss in thick P123‐templated
films on modified substrates to determine kinetic parameters. Figure 8.10a shows the
fitting of avrami equation for three isothermal conditions (400 °C, 500 °C and 600 °C
because of the reduced stability of the films) of 230 nm thick P123‐templated TiO2 films
on P123 modified substrates. The method of determination the n and k parameters was
based on standard linear regression except for the sample at 400 °C, where the n value
was adjusted to the average of n values from other two conditions and the value of k
was calculated from the slope of –ln(1‐α) vs tn plot using equation 1. The reason for this
adjustment is that the n value that was actually calculated from Figure 8.10 was very
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low (0.29) compare to all other isothermal conditions (0.63‐1.1). The activation energy
for the mesotructural deterioration of these thick films was calculated to be 89±27
kJ/mole using an Arrhenius plot (Figure 8.10b). This activation energy is clearly much
lower than for both of the thin films, and lower compare to the reported activation
energy of mesostructural loss of TiO2 films with cubic mesostructures.162 This lower
activation energy suggest that preparing well‐oriented, thermally stable o‐HCP films by
casting films onto a single substrate modified with crosslinked copolymer only works up
to a certain thickness. After this critical thickness, the orthogonal orientation of pores
does not propagate from the solid substrate all the way to the vapor‐film interface,
because of which the films form a bilayer structure consisting of orthogonal pores at the
substrate‐film interface and parallel pores at the vapor‐film interface. Due to this
mismatch of pore orientation between two layers a high density of mesostructural
defects is built into the films, which aids in loss of long‐range order. In addition, the
mismatch of structures makes these thick films less able to withstand anisotropic stress
during heating. As a result of that this thick films deteriorate very quickly during heat
treatment.
The above studies show that the thermal evolution of titania films at different
isothermal conditions are strongly affected by the temperature history of the film.
While in situ studies could not be performed during heating from room temperature
due to difficulty maintaining alignment during thermal expansion, the effects of the
heating rate (a.k.a. the ramp rate) on the mesophase deterioration kinetics of films
calcined at 500 ° C were measured for thick films with ramp rates varying from 10
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°C/min to 60 °C/min and the data were fitted using the Avrami equation (Supporting
Information Appendix F, Figure F.3). Table 8.3 shows the Avrami parameter values
determined by linear regression for different ramp rates. For higher ramp rate, the rate
constant (k) is found to be higher. The reason is most likely that faster heating allows
the system to more quickly accumulate nuclei of crystalline material, which leads to
uniform growth of titania grains throughout the film thickness. A greater temperature
gradient at higher ramp rates may also contribute to accelerated loss of mesostructural
order due to non‐uniform crystallization across the film. The layer directly attached
with the substrate would be expected to reach the final calcination temperature faster
than the uppermost layer, resulting in faster growth of titania grainsnear the substrate
than at the vapor‐film interface. This kind of uneven growth of grains can introduce an
anisotropic thermal stress on the pore walls that ultimately leads to faster deterioration
of the mesostructure. More uniform slow heating during calcination may result in
uniform growth of titania grains on the pore walls which helps to withstand anisotropic
stress better than the higher ramp rates.
8.5. Conclusions
A detailed kinetic study of the thermal transformation mechanism of mesoporous
titania thin films with 2D hexagonal close packed (HCP) pores varying only in the degree
and uniformity of orthogonally orientation of the pores has been conducted using in situ
GISAXS complemented by ex situ SEM imaging. Thin films (~60 nm thick) templated
using Pluronic surfactant P123 were used to obtain films with uniform orthogonal
orientation when the substrate was modified with crosslinked P123, and a mix of
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orientations (with a significant fraction of parallel oriented pores) on unmodified
borosilicate glass slides. Thicker films (~230 nm thick) on modified slides also gave a mix
of orientations, and prior studies suggested that they had a bilayer structure with
parallel pores at the vapor‐film interface and orthogonal pores at the substrate‐film
interface.
The kinetics of loss of orthogonal mesostructural order was measured by monitoring the
decay in intensity of the (100) Bragg rod in the GISAXS patterns. This was the only
feature present in all films after reaching their final isothermal calcination temperature.
Kinetic parameters were determined by fitting the Avrami equation to all experiments.
The activation energy for mesostructural deterioration is greatest for the thin films on
modified substrates, which also had nearly perfect orthogonal pore orientation. A
slightly smaller activation energy was found for thin films on unmodified substrates
(which had a mix of orientations) and a much smaller activation energy for thick films on
modified substrates. The thermal stability implied by these activation energies
correlations with the degree of orthogonal orientation in the film. The density of
bending defects, or the tortuosity of the pores associated with films on unmodified
substrate makes them more susceptible to nucleation and growth of disordered regions,
and to anisotropic thermal stress and leads to mesostructural loss during high
temperature heating. On the other hand films on modified substrate have near perfect
pore orientation and that allows them to handle the thermal stress during calcination
without excessive mesostructure loss. Consistent with this, the mix of orientations
found in thicker films makes films less stable during heating. Finally, the thermal history
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or the rate of heating also influences the thermal stability of these films. For thicker
films, higher ramp rates were found to cause more rapid mesostructure deterioration
during isothermal heating. This is most likely due to nucleation of defects during faster
heating, and due to anisotropic stress due to thermal gradients at higher ramp rates.
These detailed kinetic results show that films with orthogonally oriented HCP pores not
only have significant transport advantages for photocatalytic and photovoltaic
applications, but also that they undergo mesostructure loss by a different mechanism
than films with parallel and mixed orientation HCP pores. The continuous pore walls
normal to the film provides resistance to stress during heating, and the pore orientation
provides a short diffusion path for crystallization within the walls, which both may
contribute to enhanced thermal stability. The detailed kinetic results will allow for
further refinement of thermal treatment procedures in the future in these orthogonally
aligned mesoporous structures, and suggest mechanical and thermal advantages of
these types of films for applications requiring accessible pores such as membrane
separations, electrochemical sensors, and microfluidic components.
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Table 8.1. Avrami parameters n and k determined using the linearized Avrami equation
at different isothermal conditions for titania thin films (60 nm thick) on both unmodified
and modified borosilicate glass substrates.
Substrate
Unmodified

Modified

Temp (⁰C)
600
625
650
600
625
650

n
k (min‐1)
0.7±0.09 0.063±0.02
0.75±0.19 0.054±0.04
1.1±0.05 0.164±0.02
0.81±0.06 0.023±0.004
0.82±0.06 0.049±0.004
0.63±0.22 0.073±0.038

Table 8.2. Avrami parameters n and k determined using the linearized Avrami equation
at different isothermal conditions for titania thick films (250 nm thick) on modified
substrate.
Temp (°C)
400
500
600

n
0.89±.09
0.9±.06
0.88±1.2

k (min‐1)
0.009±0.002
0.178±0.02
0.322±0.24

Table 8.3. Avrami parameters n and k determined using the linearized Avrami equation
for different ramp rates to reach the final calcination temperature of 500 °C for titania
thick films (250 nm thick) on modified substrate.
Ramp rate (⁰C/min)
10
25
30
40
60

n
0.72±0.14
0.9±0.06
0.67±0.06
0.62±0.09
0.67±0.03

k (min‐1)
0.233±0.044
0.178±0.014
0.243±0.032
0.64±0.154
0.444±0.042
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Figure 8.1. SEM images of the top surface of titania films on (a) unmodified (b) modified
borosilicate glass slides aged for 2 h at 4 °C and immediately calcined at 500 °C for 60
min after heating at a rate of 40 °C/min.
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Figure 8.2. GISAXS patterns at room temperature (22.5 °C) of titania thin films (60 nm
thick) on (a) unmodifed and (b) modified substrate after aging at 4 °C for 2 h but before
calcination. The films are oriented horizontally (in the xy plane) relative to the incident
beam for this experiment.
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Figure 8.3. GISAXS patterns of titania thin films (60 nm thick) on (a) unmodified and (b)
modified substrate after aging at 4 °C for 2 h and just after reaching final calcination
temperature 600 °C with a 40 °C/min ramp rate. The films are oriented horizontally (in
the xy plane) relative to the incident beam for this experiment.
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Figure 8.4. GISAXS pattern of titania thin films (60 nm thick) on (a) unmodified and (b)
modified substrate after heating at 40 °C/min to 600 °C and holding at that temperature
for 60 min. The film is oriented horizontally (in the xy plane) relative to the incident
beam for this experiment.
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Figure 8.5. SEM images of titania films on (a) unmodified (b) modified substrate titania
aged at 4 °C for 2 h and calcined at 600 °C for (a) 60 min and (b) 90 min after heating at a
rate of 40 °C/min.
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Figure 8.6. Normalized (100) diffraction peak height measured from line cuts over qz
values from 0.06‐0.07 Å‐1 from in situ GISXAS data for titania thins films during
isothermal treatment at 600 °C after heating at a ramp of 40 °C/min.
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Figure 8.7. Avrami equation plots based on (100) peak height data for thin titania films
on (a) unmodified and (b) modified substrate at different isothermal conditions after
ramping at 40 °C/min.
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Figure 8.8. Arrhenius plot for HCP mesostructure loss of thin (~60 nm thick) titania films
on modified and unmodified borosilicate glass substrates.
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Figure 8.9. Evolution of the normalized (100) diffraction peak height from linecuts taken
over qz from 0.06‐0.07 Å‐1 from in situ GISXAS data of titania thick films on modified
borosilicate glass slides during isothermal treatment at 600 °C after heating at 25
°C/min.
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Figure 8.10. Plot of the (a) linearized Avrami equation (b) Arrhenius equation for thick
(~250 nm) titania films on modified borosilicate glass slides at different isothermal
conditions after heating at a ramp rate of 25 °C/min.
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CHAPTER 9
Conclusion & Future work
9.1. Conclusions
In Chapter 3, a detailed study of headgroup interactions in mixed cationic and sugar‐
based surfactants was performed using fluorescence spectroscopy and Nuclear
Magnetic Resonance (NMR) spectroscopy. The NMR results suggest a new type of mixed
micelle 3D structure in which the carbohydrate surfactant is inverted with its head
towards the core of the micelle in a structure similar to a very small asymmetric vesicle.
While it is clear that both octyl glucoside (C8G1) and xyloside (C8X1) surfactants mix
favorably with C16TAB as indicated by a negative apparent interaction parameters (β),
no protons of the sugar and cationic head groups were located close enough together to
induce detectable nuclear Overhauser effect (NOE). Instead of interacting with the
cationic head group, sugar head groups were found to interact with other sugars and
with the surfactant tails. After ruling out phase separation among headgroups based on
relaxation measurements, the most consistent model of these mixed micellar systems
has the sugar surfactants in an inverted configuration in the core of the mixed micelles.
The hypothesized was further tested using fluorescence quenching experiments where
enhanced quenching of a boronic acid fluorescent probe was observed due to the
confinement of the sugar heads near the micelle core. This study suggests that the head
groups of C8G1 and C8X1 is not directly accessible for molecular imprinting and a new
pair of surfactants will be needed where the sugar head is “pushed outside” of the
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mixed micelle so that it can better interact with the silica network to create the binding
sites.
In Chapter 4, the result suggests that matching of cationic and carbohydrate surfactant
chain length is not sufficient to “push out” the carbohydrate head group near the
exterior of the micelle. Consistent with the previous study with C16TAB/C8G1 mixture
there is no detectable nuclear Overhouser effect (NOE) correlations between the head
group of dodecyl glucoside (C12G1) and the head group of C16TAB (with 16 carbon chain
length), DTAB (with 12 carbon chain length) and DeTAB (with 10 carbon chain length).
Instead of interacting with the cationic head the sugar head is interacting among
themselves or with the tails of the surfactants. The reason may be force mismatch
between the different surfactant heads and the polar surroundings. As the Coulombic
interaction force between the cationic heads with the surrounding water is stronger
than the hydrogen bonding forces between the non‐ionic sugar head and the
surrounding water, the carbohydrate heads prefer to stay near the core of the mixed
micelle. We have then hypothesized that an additional interaction force is needed for
carbohydrate surfactants to “pull out” the sugar head near the exterior of the mixed
micelle. To investigate the hypothesis C16TAB was mixed with n‐octyl‐β‐D‐triazole‐
xylopyranoside (C8XT1), a new carbohydrate surfactant with a trizole linker, with
prediction that the additional dipolar interaction between the triazole linker with the
polar surrounding would “pull out” the sugar head.

The results show various

interactions between the sugar head with the cationic head of C16TAB which proves the
hypothesis. That makes the C16TAB/C8XT1 mixture a perfect candidate for xylose
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imprinting. We also expect same result for C16TAB/C8GT1 mixture (C8GT1, n‐octyl‐β‐D‐
triazole‐glucopyranoside) because glucose is more hydrophilic in nature than xylose and
that means most likely the glucose head group of C8GT1 will also be accessible for
molecular imprinting.
In chapter 5 we describe a simple inexpensive technique to prepare mesoporous silica
films with vertically oriented accessible pores. For that we modified the surface of our
substrate (glass slides) by using a random‐co‐polymer (vinyl alcohol‐co‐ethylene). We
hypothesized that the use of this random‐co‐polymer (58% ethylene w/w %) would
provide a uniform distribution of polar hydroxyl and non‐polar ethylene functionally on
the substrate and would provide similar interactions with both heads and tales of small‐
molecule surfactants to orient hexagonal mesophase vertically. The XRD and TEM
results are consistent with the vertically oriented accessible pores although further
future characterization is needed to determine the phase of the mesoporous structure.
In chapter 6 the effect of longtime aging on the mixed surfactant templated silica thin
films was discussed. We found that for 10:1 C16TAB/C8G1 templated silica films aged at
constant humidity and temperature the structure shrinks and the long range order
increases as we increase the time of aging up to 14 days. The internal compressive
stress induced by shrinkage of the films during aging may be the reason behind the
disordering of the films. Increase in aging temperature at constant humidity for 7 days
gives us more disordered structure with shrinkage in the structure. We also see increase
in condensation with increase in aging temperature from FT‐IR analysis that may be the
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reason for shrinking. The loss of long range order due to increase in aging temperature
can be explained by the fact that the higher aging temperature introduces a higher
number of defects into the long‐range structure of the films. Increase in aging humidity
at constant temperature for 7 days makes more dis‐order structure accompanying with
structure expansion. The swelling of the mesostructure due to the absorption of water
in the corona region of the micelles, is the reason behind these changes. From results,
aging at 20 °C and 45% RH for 2 days was selected for optimum aging time for these
templated silica thin films.
Chapter 7 describes the effect of pore orientation on mesostructural stability and
crystallization of titania thin films with 2D hexagonal close packed (HCP) columnar
nanopores.

From the in‐situ GISAXS results it is clear that perfect orthogonal pore

orientation in sandwiched films has a tremendous impact on mesostructural stability of
the films. The SEM and TEM result suggests that this is not only due to differences in
how the films respond to stress during crystallization; preferential crystallization at the
top surface of the pores also occurs, which most likely leaves the interior of the pores
less crystalline and helps to withstand the anisotropic stress that develops due to titania
curing and crystallization. In unsandwiched films, the films contain more defects and do
not have as many continuous pathways to the top surface of the film, so crystallization
occurs in more of a 3D diffusion‐limited manner throughout the film. This is the first
time that a surface‐crystallization phenomenon has been observed in oriented
mesoporous films and correlated with enhanced mesostructure stability.
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In Chapter 8, to understand the kinetics of thermal transformation mechanism of meso
structural titania thin films with different pore orientation in more detailed way, further
in‐situ GISAXS and ex‐situ SEM imaging was done. This time instead of using
sandwiching technique (used in Chapter 7) we reduce the film thickness to get the
perfectly orthogonally oriented titania films. From the comparison of activation energy
of meso structural deterioration it is clear that near perfect orthogonal pore orientation
on modified substrate has better thermal stability than the mixed oriented pores on
plain substrate. The degree of bending or tortuosity of pores associated with films on
unmodified substrate makes it more susceptible to anisotropic thermal stress and leads
to meso structural loss during high temperature heating. On the other hand films on
modified substrate have near perfect pore orientation and that makes it a proper
candidate to handle the thermal stress during calcination.

Effectiveness of this

modification technique also have strong correlation with film thickness. For thicker films
due to the incomplete propagation of orientation throughout the film, activation energy
drops significantly, makes films less stable during heating. Also the thermal history or
the rate of heating dictates the thermal stability of these films during isothermal curing.
With higher ramp rates the meso structure deteriorates more quickly than the slow
heating. All of these detiled kinetic studies of transformation mechanism of titania thin
films in this chapter will help us to tune the material properties with optimum condition
for the future energy applications.
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9.2. Future work
In chapter 3 and 4, extensive research was done to find out the relative position of
carbohydrate head group in mixed micelle of cationic‐carbohydrate surfactants. From
this study for the first time we have presented a new type of mixed micelle 3D structure
in which the carbohydrate surfactant is inverted with its head towards the core of the
micelle. Although both NMR and Fluorescence spectroscopy data were consistent with
the proposed structure, there still exist one possibility where instead of a totally
inverted structure, the carbohydrate headgroup is buried well inside the mixed micelle
so that the carbohydrate head groups can correlate with the tail protons of surfactants
and also are accessible for fluorescent dye partitioning. To check that possibility we
need some probe near the ω protons of C16TAB, such as labeling one or more carbons
associated with the C16TAB tail after the β position by replacing a hydrogen with fluorine
so that the other proton associated with that carbon has a different chemical shift from
rest of the tail protons then we can identify the direct interaction of the sugar head with
that proton. Doing this would require synthesizing a new surfactant in which only one
proton of the tail in C16TAB is replaced with fluorine. This is beyond the scope of the
current dissertation but could be pursued in collaboration with a synthetic organic
chemist. Molecular dynamics simulations investigating the cationic‐carbohydrate mixed
micelle structure would also help to understand the relative position of the
carbohydrate head group in the mixed micelle and the feasibility and relative energetics
of the inverted structure. Our group has already initiated some progress in this field by
building the pure C8G1 micelle using Avogadro software 433 and then using AMBER for a
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full molecular dynamics simulation434. In future we will get more insights about the
mixed micelle 3D structure by using molecular dynamics approach.
In chapter 5 we described a surface modification technique using a random‐co‐polymer
to prepare silica films with orthogonally oriented accessible pores. Although we got very
good promising results with XRD and TEM the films still need further characterization.
The main problem for characterization these films is the removal of the intermediate
polymer layer. We normally calcine the films to remove the polymer but during removal
there exist a high possibility that the pores become disordered. Therefore, we need a
nondestructive technique to characterize our films. Cross sectional TEM using FIB for
sample preparation will be the ideal choice to see the oriented channels in these
oriented silica films.
In chapter 6 we described the effect of long time aging on the mixed surfactant
templated silica thin films. Here we used FT‐IR to understand the degree of
condensation by comparing the peak intensity ratio of Si‐O‐Si peak to Si‐OH peak.
However, siloxane stretching bands are complex and multiple contributions can come
from different bond stretching435. So even if we do not see any change in Si‐O‐Si/SI‐OH
ratio, it is possible that change in condensation is still going on. Deconvolution436 of the
bands can give us more appropriate estimate about the change in condensation during
long time aging.
After combining all results from chapter 3 to 6 we can prepare glucose or xylose
imprinted orthogonally oriented silica thin films. The next step is to perform adsorption
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experiments on these imprinted silica thin films to show the selective adsorption of
targeted carbohydrates. The main challenge of showing the evidence of molecular
imprinting from adsorption studies of carbohydrate mixture is the lack of suitable
characterization technique. Individual carbohydrate adsorption studies can be done
using Fourier transform infrared spectroscopy (FT‐IR) and quartz crystal microbalance
(QCM) but they are not useful for carbohydrate mixture studies. Mixed carbohydrate
adsorption studies can be done using high performance liquid chromatography (HPLC)
but this method needs a large amount of materials and can be ambiguous due to the
overlapping of peaks. Thus there is a need to establish a proper technique for
adsorption studies which requires small amount of materials and can be applied to
mixed carbohydrate system. Use of NMR technique for adsorption measurements by
using different position labeled (13C labeling) carbohydrates can help us to investigate
the selective adsorption of targeted carbohydrate for carbohydrate mixture.
Finally in chapter 7 and 8 we discussed the transformation mechanism of P123
templated titania thin films during high temperature curing. Here we studied the
kinetics of mesotructural deterioration with in‐situ GISAXS experiments and correlate it
with the change in mechanism of crystallization of titania from ex‐situ SEM and TEM.
Although SEM and TEM can give us some information about crystallization but it fails to
give in‐detail kinetics of crystallization. The in‐situ transformation kinetics of
crystallization mechanism of these titania thin films can be thoroughly studied using in‐
situ Grazing incidence wide angle x‐ray scattering (GIWAXS)162. We already tried some
initial experiments at Argonne national lab but was limited by some technical difficulties
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during GIWAXS data collection. In future we can perform in‐situ GIWAXS to get in‐detail
information about the crystallization mechanism of these mesoporous titania thin films
during high temperature curing.
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APPENDIX A
NMR studies of interactions of carbohydrates with molecularly
imprinted silica particles
A.1. Summary
The main challenge to showing evidence of molecular imprinting from adsorption
studies of carbohydrate mixtures is the lack of suitable characterization techniques.
Individual carbohydrate adsorption studies can be done using Fourier transform infrared
spectroscopy (FT‐IR) and quartz crystal microbalance (QCM) but these approaches are
not useful for carbohydrate mixture studies. Mixed carbohydrate adsorption studies can
be done using high performance liquid chromatography (HPLC) but the method needs a
large amount of material and can be ambiguous due to the overlapping of peaks.
Therefore there is a need to establish more techniques that can be used for adsorption
studies which requires small amounts of materials and can be applied to mixed
carbohydrate system. Here we demonstrate a simple

13

C carbon NMR technique for

carbohydrate adsorption measurements based on using carbohydrates with 13C labeling
at different positions. Such labeled sugars are commercially available for common
sugars (such as glucose) and can in principle be synthesized to meet any need. In this
case, carbon labeling at different positions of glucose and xylose provides an
opportunity to quantify the adsorption of each carbohydrate from a mixed solution onto
silica particles.
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The second part of this study addresses the application of solid state NMR techniques to
identify the nature of the interactions between carbohydrates and silica, with the goal
of better understanding molecular imprinting. Although previous studies from our group
showed evidence of molecular imprinting using carbohydrate / cationic surfactant
mixtures

437

, the mechanism of molecular imprinting is not thoroughly understood. To

gain insight into interactions between carbohydrates and silica associated with
molecular imprinting, we initiated a study using solid state NMR. The long‐term goal was
to study whether there is a difference in binding sites between imprinted and non‐
imprinted silica or there is a difference in interactions between different carbohydrates.
This type of study will show the importance of orientation of hydroxyl group in silica and
their preferential interaction with the specific carbons in the carbohydrate structure. For
this study we used

13

C {1H} heteronuclear correlation (HETCOR) experiments to seek

interaction sites between the adsorbed materials with the surface438. Due to the limited
quantity of laboratory synthesized C8XT1, instead of C16TAB/C8XT1 templated silica thin
films we first try to establish these techniques using another kind of molecular
imprinting procedure the Stöber particle approach.
Stöber particles are the mono‐dispersed spherical silica particles prepared by
precipitation from ethanol‐containing aqueous ammonia 439. It has already been shown
by Joshi et al. using ATR‐FT‐IR that when these Stöber particles are imprinted by mixed
cetyltrimethylammonium bromide (C16TAB) and n‐octyl‐‐D‐glucopyranoside (C8G1)
surfactants, these particles show evidence of molecular imprinting

437

. Our goal was to

use these imprinted Stöber particles for the establishment of the NMR techniques for
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adsorption studies which are previously described. From these studies it is clear that
there is a high affinity for glucose on glucose‐imprinted materials compare to non‐
imprinted materials during adsorption from solutions containing only glucose. High
specific adsorption of glucose in the presence of xylose on glucose‐imprinted Stöber
particles was also seen from this study indicating the evidence of molecular imprinting
on these imprinted Stöber particles. From the solid state NMR study we also have found
the clear interaction between the carbohydrate and the imprinted silica using 2D

13

C

{1H} HETCOR experiments. All of these results will help the further adsorption studies on
C16TAB/C8XT1 or C16TAB/C8GT1 imprinted silica thin films.
A.2. Experimental
Deuterium oxide (D2O, 100 atom% D, Fischer Scientific) was used as received. All

13

C

enriched carbohydrates (99% labeled D‐[2‐13C] glucose, 99% labeled D‐[1‐13C] xylose and
99% D‐[all‐13C] Glucose/Xylose) were purchased from Omicron Biochemicals, Inc.
Glucose imprinted Stöber particles were synthesized, purified and dried according to the
method of Joshi et al437.
For quantitative adsorption experiment using liquid state NMR, 5 mg of non‐imprinted
or glucose‐imprinted Stöber particles were presoaked in a centrifuge tube with 1 ml D2O
overnight. After soaking the particles were centrifuged and effluent D2O was removed.
The required amount of carbohydrate mixture dissolved in 1 ml D2O was added to the
wetted Stöber particles. It was ensured that the total volume (1.5 ml) of the solution
with Stöber particles in the centrifuge tube remained constant by adding extra D2O if
required. The sample was then placed in a vortex mixer and stirred for 1 day. After that
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the whole sample was placed in an NMR tube. Particle separation was not required
because slow tumbling of adsorbed carbohydrates gives a broad signal that provides a
negligible contribution to the integrated intensity of carbohydrates in solution. NMR
experiments were conducted using a 400 MHz Varian Inova NMR spectrometer at a
room temperature (23±1 °C). All of the 13C carbon NMR experiments were done using a
standard 1D 13C carbon pulse sequence.
For solid state NMR experiments, 300 mg of glucose imprinted Stöber particles were
presoaked in 10 ml of D2O for 1 day. The sample was centrifuged and the supernatant
was removed. 6.5 mg of 99% all

13

C carbon labeled glucose was dissolved in 10 ml of

D2O and added to the wetted Stöber particles. The sample was stirred in vortex mixer
for 1 day and then the particles were recovered by centrifugation. The required amount
of Stöber particles with bound carbohydrate was tightly packed (around 100‐120 mg) in
a zirconia solid state NMR rotor. Solid state experiments were done with a 600 MHz
Varian Inova NMR spectrometer at room temperature (23±1 °C) with 8 kHz MAS
rotation. The HETCOR experiments were done using the hetcorlgcp2d pulse sequence
with cross‐polarization contact time of 6 ms and recycling delay of 10 sec.
A.3. Results & Discussion
Figure A.1 shows a representative

13

C carbon spectrum of a solution of mixed

isotopically labeled glucose and xylose in D2O. Due to specific carbon labeling at
different position of glucose and xylose, the carbon chemical shifts differ and provide
the opportunity to quantify the adsorption of each carbohydrate onto silica particles
from the mixture. There are two carbon peaks associated with each sugar indicating the
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presence of α and β anomers of each carbohydrate 440, 441. During the adsorption studies
the intensity of the both anomers were integrated after baseline correction to provide a
quantitative measure of the carbohydrate concentration in the solution. The linear
calibration curves were measured with three carbohydrate concentration varying from
15mM to 45mM (data not shown) for pure individual solutions with R2=1 for both
solutions. The amount of carbohydrate adsorption was calculated by depletion
measurement where the difference in carbohydrate concentration gives the amount of
carbohydrates adsorbed to the silica particle. The amount of carbohydrate adsorbed
was calculated per gram of silica and plotted against the final carbohydrate
concentration in the solution. The adsorption experiment was done in triplicate for each
condition to get the average and standard deviation.
Figure A.2 compares glucose and xylose adsorption from individual solutions onto both
non‐imprinted and glucose‐imprinted Stöber particles. A higher affinity of glucose for
glucose imprinted Stöber particles than for non‐imprinted particles is evident from the
stastically significant difference in adsorption at the highest glucose concentrations in
Figure A.2 .For xylose the amount of adsorbed carbohydrate is similar on both non‐
imprinted and glucose imprinted Stöber particles. This result indicates that molecular
imprinting is able to create oxide surfaces with greater affinity towards specific
carbohydrates, which is also consistent with a previous study by our group using ATR‐
FTIR 437.
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To see the specific adsorption of glucose on glucose‐imprinted Stöber particle from
glucose/xylose mixtures a second adsorption study was performed. Figure A.3 shows
the glucose and xylose adsorption from glucose/xylose 1:1 mixtures on both non‐
imprinted and imprinted Stöber particle. Selective adsorption of glucose on glucose
imprinted Stöber particles is seen at the highest saccharide concentration Figure A.3
almost approximately twice as much glucose as xylose adsorbed on glucose imprinted
Stöber particles. For adsorption on non‐imprinted Stöber particles, no preferential
adsorption is observed between glucose and xylose. All of these results show evidence
of effectiveness of molecular imprinting towards specific adsorption. Not only do
imprinted particles show enhancement in adsorption of the target molecule from a
solution containing a single solute, but they also show selective adsorption from mixed
solute systems.
To understand the interactions between carbohydrate and the imprinted Stöber
particles, solid state NMR experiments were performed. Figure A.4 shows the cross
polarization magic angle spinning (CPMAS) spectrum of 99 % uniformly 13C label glucose
adsorbed on Stöber particles. 99 %

13

C enriched glucose was used to increase the

sensitivity of our experiment as the amount of glucose adsorbed to create a monolayer
on the Stöber particles was very small compared to the overall sample mass. The peaks
associated with different carbons were assigned from literature438. Due to the
introduction of

13

C enriched glucose the

13

C‐13C coupling becomes significant and that

leads to poorly resolved carbon peaks. Figure A.5 shows the HETCOR spectrum of 99 %
uniformly label glucose adsorbed on glucose imprinted Stöber particle. From Figure A.5,
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correlations between the carbons of glucose with and the hydroxyl group of silica (1H,
1.2 ppm) can be observed, although due to the poor resolution the exact binding sites
were not identified. More specific information about the interacting carbons can be
found using similar NMR studies with a series of glucose molecules labeled with 13C at
different positions. These are commercially available but the experiments were not
performed due to time constraints.
A.4. Conclusions
Here we establish two uses of NMR spectroscopy to investigate adsorption of
carbohydrates onto molecular imprinted silica surfaces. Glucose and xylose with
different carbons labeled by 13C were used to allow differentiation in chemical shifts by
13

C NMR. This allowed direct measurement of the amount of each carbohydrate

adsorbed onto Stöber particles from mixtures using depletion measurement. The results
show that the high affinity of glucose for glucose‐imprinted materials compare to non‐
imprinted materials is observed both by comparing separate solutions of glucose vs.
xylose, and for selective adsorption from mixtures of the two. Further detailed
adsorption studies using this technique with a wider range of carbohydrate
concentrations should be done to build competitive Langmuir adsorption isotherms for
carbohydrate adsorption to complete this study.
In the second part of these preliminary experiments, solid state NMR techniques
including CPMAS and HETCOR were used with

13

C enriched glucose to understand the

interaction mechanism of carbohydrates with these molecularly imprinted Stöber
particles. From this study, a clear indication of interactions between the carbohydrate
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and the imprinted silica was found, although further experiments with series of different
position labeled (13C) carbohydrates are needed to get more specific information about
the sites of strongest interaction between glucose and imprinted silica.
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Figure A.1. 13C NMR spectrum of isotopically labeled Glucose and xylose mixture in D2O.
The associated glucose and xylose structures are also shown. The red star on both the
structures shows the relative position of the 13C labeling. Two carbon peaks associated
with each sugar indicating the presence of α and β anomers of each carbohydrate.
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Figure A.2. Comparison of the results of glucose and xylose adsorption from solutions
initially containing only individual carbohydrates on both non‐imprinted and glucose
imprinted Stöber particles. The results show a high degree of affinity of glucose for
glucose imprinted Stöber particles compared with non‐imprinted particles. In contrast,
there is no significant increase in xylose affinity on glucose imprinted Stöber particles
compared with non‐imprinted particles.
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Figure A.3. Comparison of the results of glucose and xylose adsorption from
glucose/xylose 1:1 mixtures on both non‐imprinted and glucose imprinted Stöber
particles. The results show a high degree of affinity of glucose to the glucose imprinted
Stöber particles compared with non‐imprinted particles, but no significant change in
xylose affinity due to glucose imprinting.
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Figure A.4. Solid‐state CPMAS NMR spectrum of glucose imprinted stöber particles with
99% all 13C labeled glucose adsorbed on the surface. α and β indicate two anomers of
glucose.
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Figure A.5. Solid‐state 2D 13C {1H} HETCOR NMR spectrum of glucose imprinted Stöber
particles with 99% all

13

C labeled glucose adsorbed on the surface. Arrows indicate

correlations between the carbons of glucose and the hydroxyl group of silica (at 1H
chemical shift 1.2 ppm).
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APPENDIX B
Effect of ammonia pre‐treatment & extraction on
mesostructural stability of mixed Cationic‐carbohydrate
surfactant templated silica thin films
B.1.Summary
This study addresses the effectiveness of ammonia vapor pretreatment before aging on
the mesostructural stability of surfactant templated silica thin films. Often, conventional
curing of templated silica structures in a humid air environment does not facilitate rapid
curing to yield a structure stable towards extraction within a desired time interval. This
problem was encountered, for example, in C12TAB / C12G1 structures cured at 50 °C at
45% RH for 7 days, at which point extraction led to complete loss of mesostructure. To
address this problem we use ammonia pre‐treatment before aging to stabilize the films.
Our group has already shown the usefulness of mild ammonia pretreatment before
aging for C16TAB / C8G1 templated bulk materials to improve the stability of the
structure273. During ammonia treatment, ammonia interacts with micelles to expand
the pores (most likely via a Maillard‐like reaction with sugar surfactant headgroups)
while at the same time ammonia and water adsorb at the silica/surfactant interface to
increase the effective pH values to enhance the condensation rate and solidify the
network. We use this process for C12TAB / C12G1 10:1 templated thin films and studied
the outcome using XRD and FT‐IR. The result will show that 15 hours of ammonia vapor
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pretreatment before aging of C12TAB/C12G1 templated silica thin films significantly
helps the films to retain their mesostructural order during extraction.
The second part of this study addresses the optimum condition for surfactant extraction
from templated silica thin films. Removal of templated surfactants from the silica
structure without damaging the imprinted sites is a vital part of the whole imprinting
process. We can remove the surfactants either by calcination or by extraction. We
prefer extraction over calcination because during extraction we are less likely to
degrade the quality of imprinted sites due to thermally induced rearrangement of the
silica network. During extraction we use a hydrochloric acid / ethanol mixture (1:30 by
volume) to extract the surfactants.

Previously we used overnight extraction the

surfactants from bulk samples. However, excess time spent extracting the surfactant is
a waste of time and may allow the structure to reorganize. To avoid this, a study was
carried out to find the optimal extraction time to remove all of the surfactant templates
without hurting the silica structure. From this study we have found 30 minute as our
optimum time for extraction of all surfactants without hampering the imprinted silica
structure.
B.2. Experimental
Dodecyltrimethylammonium bromide (C12TAB) (technical grade, Acros Organics), n‐
dodecyl‐‐D‐glucopyranoside (C12G1) (99+%, Affymetrix) and tetraethyl orthosilicate
(TEOS) (98 % reagent grate, Sigma‐Aldrich) were used as received. The surfactant
templated silica thin films were prepared by using TEOS as the silica precursor, which
was first hydrolyzed by mixing it with water, hydrochloric acid and ethanol (mole ratio
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TEOS: ethanol: water: HCl = 1:3.8:1:510‐3) and refluxing the mixture for 90 minutes.
After that, more hydrochloric acid and water (mole ratio water: HCl = 1:.001) were
added and the mixture is stirred vigorously for 30 minutes at 50 °C to hydrolyze the
remaining precursor. Subsequently, 24 ml of ethanol was added to the sol to dilute it
and the required amount of surfactants (total surfactant mass 1.34 gm) were added to
this mixture and it was stirred until all of the surfactants were dissolved. The required
amount of surfactants was determined by using the ternary diagram of the mixed
surfactants with water and replacing the volume of water in that phase with an
equivalent volume of silica. Following sol preparation, clean glass slides and silicon
wafers were coated by the spin coating technique using a Laurell spin coater. 100 μl of
the sol was placed at the center of the substrate and coating was accomplished by
spinning at 2200 rpm for 45 sec. We coated a set of glass slides and silicon wafers with
the same 10:1 DTAB / C12G1 templated silica sol and then divided it in to two parts. One
part of the samples was not treated with ammonia and instead were simply aged at 50
°C at 45% RH for 7 days. The other part of the sample set was treated for 15 h of
ammonia vapor treatment and then was aged at 50 °C at 45% RH for 7 days. FT‐IR
spectra were measured after certain intervals from the coating of the films during the
ammonia pre‐treatment and these samples were compared with untreated samples.
To find the optimal extraction time, we used C12TAB / C12G1 (10:1) templated silica thin
films, and after aging at 50 °C under 45% RH for 7 days, we used a conventional
extraction procedure with a hydrochloric acid / ethanol mixture (1:30 by volume), to
extract the surfactants.

During extraction we removed the samples after certain
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intervals, dried them and collected an FT‐IR spectrum to check whether all the
surfactants were removed, and then placed them back into the extraction solution.
B.3. Results & Discussion
Figure B.1 shows a time evolution study of C12TAB/C12G1 templated silica thin films on
silicon wafers with and without 15 h of ammonia vapor treatment using FT‐IR. During
ammonia treatment, condensation of the silica structure is enhanced considerably
compare to untreated samples. This is indicated in Figure B.1 by the increase in peak
intensity of the primary Si‐O‐Si band (~1068 cm‐1), a decrease in the peak intensity of
the silanol band (~960 cm‐1) and a decrease in peak intensity of the hydroxyl stretching
band (~ 3500‐3000 cm‐1)208. This indicates that, as expected, the ammonia treatment
accelerates the condensation of silicates to form a solid silica network. Figure B.2 shows
the XRD pattern of both ammonia pre‐treated and without ammonia pretreated
C12TAB/C12G1 templated silica thin films after 7 days of aging followed by surfactant
extraction. As we see from Figure B.2(a) the sample without ammonia treatment
completely loses its long‐range order after extraction (an XRD peak was present prior to
extraction) due to the collapse of pores, while the ammonia treated sample retains
long‐range order shown in Fig. 2(b) after extraction due to enhanced stabilization of the
structure by the ammonia treatment. This result indicates that 15 h ammonia vapor
pretreatment is an effective strategy to stabilize mesostructural order of templated
silica thin films by enhancing the rate of condensation of the silica network.
Figure B.3 shows the time evolution FT‐IR study of C12TAB / C12G1 (10:1) templated
silica thin films during extraction after aging at 50 °C under 45% RH for 7 days. From
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Figure B.3 it is clear that all of the surfactants were totally removed from the films after
30 minutes of extraction, which is indicated by the absence of symmetric and
asymmetric CH2 stretching peaks coming from the surfactants (~2900 cm‐1)

128

. Also,

we see an indication of evolution of the siloxane network, as a shoulder emerges at the
high‐wavenumber side of the Si‐O‐Si peak as extraction time proceeds. This shoulder
implies that the silica structure is undergoing condensation to form a more mature
siloxane network during extraction.

To avoid wasted time and the possibility of

unwanted side reactions, 30 minutes is selected as the optimal time for extraction to
remove all the surfactants without hurting the silica structure.
B.4. Conclusions
Here we first establish a simple effective technique to stabilize mixed surfactant
templated silica thin films using ammonia vapor pretreatment before aging the
deposited films. The result shows that for C12TAB/C12G1 10:1 templated silica thin films,
15 hours of ammonia pre‐treatment before aging at 50 °C at 45% RH for 7 days help the
silica structure to retain its mesostructural stability during the surfactant extraction
process. During ammonia treatment, ammonia and water adsorb at the silica/surfactant
interface increase the effective pH values to enhance the condensation rate and solidify
the network. This technique can be used for any surfactant templated thin films where
the conventional aging is not sufficient to stabilize the silica network resulting loss in
mesostructural order during extraction. We also established 30 minute as an adequate
extraction time for the total removal of surfactants from the templated films by using
hydrochloric acid / ethanol mixture (1:30 by volume). This optimum extraction time
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minimizes the possibility of altering the silica structure during extraction, and should
help to keep the imprinted sites intact. These results will help us to prepare stable
molecularly imprinted silica thin films for specific carbohydrate adsorption in future.
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Figure B.1. Evolution of FT‐IR absorbance spectra of 10:1 DTAB/ C12G1 templated silica
thin films on thin silicon wafers with and without ammonia treatment for 15 h prior to
aging at 50° C for 0 min, 30 min, or 2 h.
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Figure B.2. X‐ray diffraction pattern of 10:1 DTAB/C12G1 templated silica thin films after
7 days of aging at 50° C (a) without and (b) with 15 h of ammonia vapor pretreatment.
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Figure B.3. Evolution of DTAB/C12G1 templated silica thin films during extraction at
room temperature (20° C).

241

APPENDIX C
Supplemental Information of Chapter 3
Methods for Surfactant Structure Determination and NMR

The molecular structures of C16TAB and both carbohydrate surfactants (Figure 3.1 in the
chapter 3) were determined by geometry optimization using the PM3 semiempirical
molecular orbital method 442 as implemented in the program Avogadro 443.
NMR experiments were conducted using a 400 MHz or 600 MHz Varian Inova NMR
spectrometer at a fixed temperature of 50 °C maintained by a variable temperature (VT)
controller. One‐dimensional 1H NMR spectra were acquired using the Varian s2pul pulse
sequence with 32 scans and 3 sec delay (d1) between pulse sequences for each sample.
The peaks in the 1H NMR spectra (Figure 3.1 in the chapter 3) were assigned using
gradient double quantum filtered correlation spectroscopy

444, 445

(gDQFCOSY) (Figures

C.1‐C.2) and gradient heteronuclear single quantum coherence 446 (gHSQC) experiments
(Figures C.3‐C.4). Spin‐lattice relaxation (T1) measurements were performed using the
INVREC (inversion recovery) pulse sequence with 15 sec delay (d1) between pulse
sequences. Spin‐spin relaxation (T2) measurements were performed using the CPMGT2
(Carr‐Purcell‐Meiboom‐Gill

289, 290

) pulse sequence with a 40 sec delay (d1) between

pulse sequences. Nuclear Overhauser effect spectroscopy (NOESY) was performed using
standard NOESY pulse sequence with ‘Z’ filter

291

(to remove artifacts due to through

bond magnetization transfer mechanism). Unless otherwise indicated, a mixing time of
600 ms was chosen by matching with the shortest T1 value among all protons and then
varied to match the longest T1 value in order to observe every possible NOE correlation.
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A delay of 3 sec (d1) between pulse sequences and, for 2D spectra, a resolution of
512×512 pixels were chosen. Fitting to determine T2 parameters in some experiments
was done using Sigma Plot 11. A 3D NOESY‐13C‐H3QC experiment for the C8G1 / C16TAB
system was performed using the gnoesyChsqc pulse sequence
mixing time and 2 sec delay (d1)
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447, 448

with 600 ms

Figure C.1. COSY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant

concentration 30 mM). The experiment was done using the gDQCOSY (gradient‐
enhanced double quantum filtered COSY) pulse sequence with a 6 sec relaxation time
(d1) and a resolution of 576×576 pixels. COSY is a homonuclear correlation technique
based on magnetization transfer through bonds and correlates protons that are at most
3 to 4 bonds apart. The cross peaks represent the correlations between the associated
protons and is symmetric along the diagonal. Several cross peaks (cross peak 1: α”B and
α”A; cross peak 2: H3/H4 and H6B; cross peak 3: H2 and H3/H4; cross peak 4: H2 and H1;
cross peak 5: α’a,b and β’a,b; cross peak 6: α”B and β”A,B; cross peak 7: α”A and β”A,B; cross
peak 8: β”A,B and (CH2)m; cross peak 9: β’a,b and (CH2)n; cross peak 10: α’a,b and (CH2)n;
cross peak 11: ω’/ω” and (CH2)n/(CH2)m) are present in the spectrum representing the
correlated

protons,

and

were
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used

for

peak

assignment.

Figure C.2. COSY spectrum of 1:1 C16TAB/C8X1 in D2O at 50 °C (total surfactant

concentration 30 mM).

The cross peaks represent the correlations between the

associated protons and is symmetric along the diagonal. Several cross peaks ( cross peak
1: α”A and α”B; cross peak 2: H4 and H5A; cross peak 3: H3 and H4; cross peak 4: H3 and
H2/H5B; cross peak 5: H4 and H2/H5B; cross peak 6: H5A and H5B; cross peak 7: H1 and
H2; cross peak 8: α’a,b and β’a,b; cross peak 9: α”B and β”A,B; cross peak 10: α”A and β”A,B;
cross peak 11: β”A,B and (CH2)m; cross peak 12: β’a,b and (CH2)n; cross peak 13: α’a,b and
(CH2)n and cross peak 14: ω’/ω” and (CH2)n/(CH2)m)

are present in the spectrum

representing the correlated protons, and were used for peak assignment.
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Figure C.3. HSQC spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant

concentration 30 mM). There are two type of correlations shown in the spectrum. Those
with dark spots indicate the correlation of carbon that are directly attached to an odd
number of proton(s) (called positive correlation). The other correlation presented by
white spots indicates carbons that are directly attached to an even number of protons
(i.e. negative correlation). Peaks are assigned based on these correlations and are
consistent with the COSY spectrum. There are several correlations (cross peak 1: C1‐H1;
cross peak 2: C5‐H5; cross peak 3: C3‐H3; cross peak 4: C2‐H2; cross peak 5: C4‐H4; cross
peak 6: C”α‐α”B; cross peak 7: C”α‐α”A; cross peak 8: C’α‐α’a,b; cross peak 9: C6‐H6A,B;
cross peak 10: CN‐NCH3; cross peak 11: Cm+n‐(CH2)m+n; cross peak 12: C”β‐β”A,B; cross
peak 13: Cm+n‐(CH2)m+n; cross peak 14: Cm+n‐(CH2)m+n; cross peak 15: C’β‐β’a,b and cross
peak 16: C’ω‐ω’ and C”ω‐ω”) shown in the spectrum helping to allow exact peak
assignment.
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Figure C.4. HSQC spectrum of 1:1 C16TAB/C8X1 in D2O at 50 °C (total surfactant

concentration 30 mM). There are two type of correlations shown in the spectrum. Those
with dark spots indicate the correlation of carbon that are directly attached to an odd
number of proton(s) (called positive correlation). The other correlation presented by
white spots indicates carbons that are directly attached to an even number of protons
(i.e. negative correlation). Peaks are assigned based on these correlations and are
consistent with the COSY spectrum. There are several correlations (cross peak 1: C1‐H1;
cross peak 2: C3‐H3; cross peak 3: C2‐H2; cross peak 4: C4‐H4; cross peak and C”α‐α”B;
cross peak 5: C”α‐α”A; cross peak 6: C’α‐α’a,b; cross peak 7: C5‐H5B; cross peak 8: C5‐H5A;
cross peak 9: CN‐NCH3; cross peak 10: Cm+n‐(CH2)m+n; cross peak 11: C”β‐β”A,B; cross peak
12: C’β‐β’a,b and cross peak 13: C’ω‐ω’ and C”ω‐ω”) shown in the spectrum helping to
exact peak assignment.
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Figure C.5. Determination of critical micelle concentration (cmc) using T1 (spin‐lattice)
relaxation time at 50 °C of the (A) H4/α”B proton (B) α”A proton (C) β”A,B protons and (D)
ω” proton of C8X1 plotted against the molar concentration of C8X1 (dissovled in D2O).
When the surfactants are dispersed as monomers in the solution they undergo rapid
tumbling resulting in longer T1 values (very fast tumbling has only a relatively small
relaxation component at the Larmor frequency reulting in a large T1) whereas in the
micelle the molecules tumble with a longer collective corrlation time. The point of
inflection in these plots indicates the cmc (critical micelle concentration) value of that
surfactant. From the above plots it can be concluded that the cmc value for C8X1 is 15
mM at 50 °C.
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Figure C.6. The ratio of two pyrene fluorescence emission bands appearing at 374 nm (I1)

and 387 nm (I3) vs. total surfactant concentration for (A) C16TAB/C8G1 and (B)
C16TAB/C8X1 at 50 °C. In both cases a 1:1 overall ratio of surfactants was used. Arrows
denote the mixed cmc values. This ratio is a measure of polarity near pyrene, where a
lower value indicates a less polar microenvironment. The break point in each plot is
considered to be the cmc of the mixture, which is 1.71 mM and 1.61 mM for
C16TAB/C8G1 and C16TAB/C8X1 respectively.
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Analysis of Mixed Micelles based on Regular Solution Theory
At the cmc, the mole fraction of each surfactant in mixed micelles and the
interaction parameter (β) can be calculated using Rubingh’s implementation of regular
solution theory (RST) 68. This analysis begins by solving Eq. (C1) for X1 (the mole fraction
of C16TAB in the mixed micelle at the cmc) and then using this value to calculation

using Eq. (C2):

1



=

(C1)

(C2)

where 1 = mole fraction of C16TAB in overall solution, cmc1 = critical micelle
concentration of C16TAB, cmc2 = critical micelle concentration of the sugar surfactant
and cmc = critical micelle concentration of the C16TAB/sugar surfactant mixture.
The mole fraction of individual surfactants in mixed micelles above the cmc can be
calculated by solving nonlinear Eq. (C3) based on an expansion of Clint’s mixed micelle
model using RST 128:
0

(C3)
where c = the total surfactant concentration and all other variables are defined above.
Results of this and other analyses are summarized in Table C.1.
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Table C.1. Values of mixed critical micelle concentration (cmc) from pyrene
solvatochromism, overall mole fraction of C16TAB (1) in mixed solution, mole fraction of
C16TAB (X1) in mixed micelle at cmc and at 30 mM total surfactant concentration,
interaction parameter (β) and aggregation number (Nagg) from pyrene quenching and
hydrodynamic radius (Rh) from DLS measurement for C16TAB/C8G1 and C16TAB/C8X1
mixtures with (Mean± SD)
Surfactants
C16TAB/C8G1
C16TAB/C8X1

cmc (mM)
1.71
1.61

1
0.5
0.5

X1 (at cmc)
0.96
0.90
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X1 (at 30 mM)
0.58
0.58

β
‐2.6
‐0.86

Nagg
42
48

Rh(nm)
0.4±0.07
0.41±0.11

Aggregation Number Measurements

Figure C.7. Flourescence emission spectra of pyrene in C16TAB/C8X1 1:1 mixture in
water at different hexadecylpyridinium chloride quencher concentrations.
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Figure C.8. Determination of aggregation number: Linear fitting of ln(I0/I) Vs [Q] for (A)
C16TAB/C8G1 and (B) C16TAB/C8X1 1:1 mixture at 50 °C. [Q] is the quencher
concentration which was varied from 0 mM to 0.8 mM. The R2 values for linear fitting of
C16TAB/C8G1 and C16TAB/C8X1 were 0.96 and 0.98 respectively. The mean aggregation
number was calculated using Eq. (C4) 205:
ln

(C4)

where I = fluorescence intensity in the presence of quencher, I0 = fluorescence intensity in the
absence of quencher, [Q] = concentration of quencher, and c = total surfactant concentration.
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Figure C.9. 2D NOESY spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant
concentration 30 mM) using 1000 ms mixing time. Here NOE mixing time 1000 ms was
used which is in the order of the T1 relaxation value of H1 proton of C8G1. Here we can
observe several extra NOE correlations between the H1 protons of C8G1 and the alkyl
tails of C16TAB/C8G1 which were not present in NOESY with 600 ms mixing time. Cross
peak 1 correlates H1 & α“A protons of C8G1, cross peak 2 correlates H1 & α“B, cross
peak 3 correlates H1 & β protons of C8G1, cross peak 4 correlates H1 & rest of the alkyl
chain (after β position) of C16TAB or C8G1 and cross peak 5 correlates H1 & ω protons of
C16TAB or C8G1. Other NOESY experiments were also done to accumulate the whole
range but did not give other new NOEs apart from those already mentioned. All these
cross peaks between the sugar head group protons and the tails indicate the position of
the sugar head group near the core of the mixed micelle.
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Figure C.10. 3D NOESY‐13C‐HsQc spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total
surfactant concentration 30 mM). Depicted is the 1H‐1H NOESY plane selected using 13C
of the α carbon of C16TAB. Besides a strong diagonal peak, no cross peak could be
served with confidence below the targeted peak (α’a,b protons of C16TAB, denoted as red
peak) indicates no NOE correlations between the α’a,b proton of C16TAB and sugar head
group protons.
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Figure C.11. 1D NOE spectrum of 1:1 C16TAB/C8G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Experiment was done using cyclenoe pluse sequence with the
following parameters: d1 (relaxation delay) = 6 sec; nt (number of transient) = 32; np
(number of points) = 8192; satpwr (saturation power)=‐16; sattime (saturation time)=
4sec and MixN (mixing time)=600 ms. In this spectrum radiation had been done from
NCH3 protons of C16TAB head group. The spectrum resulting from off‐resonance
saturation is subtracted from the one obtained with saturation of NCH3 to yield a
difference spectrum in which only resonances affected by cross‐relaxation with NCH3
appear. By comparing the subtracted spectrum (upper part of the figure) with the 1D
proton nmr (lower part of the figure) the only correlation that is seen with the NCH3
protons is the α protons of C16TAB. There is no correlation with the sugar headgroup
protons were found (a small peak like hump pops up at H1 position but this only
because of some unavoidable residue after subtraction due to improper baseline).

256

Figure C.12. 2D NOESY spectrum of 1:1 C16TAB/C8X1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. The spectrum indicates
several sugar‐sugar or cationic‐cationic surfactant NOE correlations (cross peak 1)
H4/α”B & α”A proton; 2) H4/α”B & H5A proton; 3) H3 & H4/α”B proton; 4) H2/H5B & H3
proton; 5) H2/H5B & H4/α”B ; 6) H2/H5B & H5A proton; 7) H2/H5B & H1 proton; 8) α’a,b &
β’a,b; 9) H4/α”B & β”A,B; 10) α”A & β”A,B; 11) β”A,B & (CH2)m+n; 12) β’a,b & (CH2)m+n13) α’a,b &
(CH2)m+n; 14) α”A & (CH2)m+n; 15) (CH2)m+n & ω’/ω” . Cross peak 16 may correlate the H5A
proton of C8X1 with alkyl chain of C16TAB/C8X1 but is ambiguous due to the absence of
symmetry across the diagonal. No specific sugar‐cationic correlations are found in this
pattern.
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Figure C.13. 1D NOE spectrum of 1:1 C16TAB/C8X1 in D2O at 50 °C (total surfactant
concentration 30 mM). Experiment was done using cyclenoe pulse sequence with the
following parameters: d1 (relaxation delay) = 6 sec; nt (number of transient) = 32; np
(number of points) = 8192; satpwr (saturation power) =‐16; sattime (saturation time) =
4sec and MixN (mixing time)= 600 ms. In this spectrum radiation had been done from
NCH3 protons of C16TAB head group. In cyclenoe every radiated spectrum is subtracted
from reference spectrum so that only the peak that has noe correlation with the
radiated peak remains and other peaks are subtracted out. By comparing the subtracted
spectrum (upper part of the figure) with the 1D proton NMR (lower part of the figure)
the only correlation that is seen with the NCH3 protons is the α protons of C16TAB. There
is no correlation with the sugar headgroup protons were found (a small peak like hump
pops up at H5A position but this only because of some unavoidable residue after
subtraction due to improper baseline).
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Figure C.14. 2D NOESY spectrum of 1:1 C16TAB/C8X1 in D2O at 50 °C (total surfactant
concentration 30 mM) using 1000 ms mixing time. Here NOE mixing time 1000 ms was
used which is in the order of the T1 relaxation value of H1 proton of C8X1. Here we can
observed several extra NOE correlations between the H1 protons of C8X1 and the alkyl
tails of C16TAB/C8X1 those were previously not present in NOESY with 600 ms mixing
time. Cross peak 1 correlates H1 & α“A protons of C8X1, cross peak 2 correlates H1 & α“B
protons of C8X1, cross peak 3 correlates H1 & H3 protons, cross peak 4 correlates H1 &
β protons of C8X1, cross peak 5 correlates H1 & rest of the alkyl chain (after β position)
of C16TAB or C8X1 and cross peak 6 correlates H1 & ω protons of C16TAB or C8X1. Other
NOESY experiments were also done to accumulate the whole range but did not give
other new NOEs apart from the already mentioned. All these extra cross peaks between
the sugar head group protons and the tails indicate the position of the sugar head group
near the core of the mixed micelle.
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Figure C.15. Fluorescence emission spectra of 2‐Naphthylboronic acid (A) probe
concentration 6.7*10‐3mM (B) probe concentration 10.05*10‐3mM in glucose and
different surfactant solution. Total surfactant or glucose concentration was fixed to 30
mM. For both the cases quenching in C16TAB/C8G1 mixture is higher compare to
individual C16TAB and C8G1 solutions. This enhancement of quenching is due to the
inverted carbohydrate micelle configuration where sugar heads groups are near the
core of the mixed micelle and able to quench the probe more effectively.

260

Table C.2. Comparison of T1 and T2 values of headgroup protons in C16TAB/C8G1 and
C16TAB/C8X1 mixed micellar systems.
Surfactants
C16TAB/C8G1
C16TAB/C8X1
C16TAB/C8G1
C16TAB/C8X1
C16TAB/C8G1
C16TAB/C8X1

Protons
H6A
H5A
H1
H1
H3,H4
H3

T1(ms)*
646±8
695±18
1010±40
1110±40
1590±28
1730±30

T2 (ms)*
76±10
11±4
27±6
17±4
140±22
110±20

T2/T1
0.118±.016
0.016±.006
0.027±.006
0.015±.003
0.088±.013
0.065±.011

*Intervals are ± the 95% confidence interval calculated using the standard error for the

parameter.
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Figure D.1. Flourescence emission spectra of pyrene in DeTAB/C12G1 1:1 mixture in
water at different hexadecylpyridinium chloride quencher concentrations.
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Figure D.2. Determination of aggregation number: Linear fitting of ln(Io/I) Vs [Q] for (a)
C16TAB/C12G1 and (b) DTAB/C12G1 and (c) DeTAB/C12G1 1:1 mixture at 50 °C. Where
Io and I are the fluorescence intensities in the absence and presence of the quencher
respectively. [Q] is the quencher concentration which was varied from 0 mM to 0.8 mM.
The Rsquare values for linear fitting of C16TAB/C8G1, DTAB/C12G1 and DeTAB/C12G1
were 0.92, 0.96 and 0.97 respectively.
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Figure D.3. 2D NOESY spectrum of 1:1 DTAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Cross peaks indicate the NOE correlations between the
associated protons and are symmetric along the diagonal. The spectrum indicates
several sugar‐sugar or cationic‐cationic surfactant NOE correlations (cross peak 1)
α“A/H6A & α“B proton; 2) H2 & H3/H4 proton; 3) H1 & H3/H4 proton; 4) H3/H4 &
α‘a,b/H5 proton; 5) H6B & α‘a,b/H5 proton; 6) H1 & α‘a,b/H5 proton; 7) α“A/H6A & (CH2)m+n
proton; 8) α‘a,b/H5 & (CH2)m+n proton; 9) α‘a,b/H5 & β‘a,b proton; 10) β‘a,b & (CH2)m+n
proton; 11) β“A,B & (CH2)m+n proton and 12) ω‘/ω” & (CH2)m+n proton).
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Figure D.4. 1D NOE spectrum of 1:1 DTAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Experiment was done using cyclenoe pluse sequence with the
following parameters: d1 (relaxation delay) = 6 sec; nt (number of transient) = 32; np
(number of points) = 8192; satpwr (saturation power) = ‐16; sattime (saturation time) =
4sec and MixN (mixing time) =600 ms. In this spectrum radiation had been done from
NCH3 protons of DTAB head group. In cyclenoe every radiated spectrum is subtracted
from reference spectrum so that only the peak that has noe correlation with the
radiated peak remains and other peaks are subtracted out. By comparing the subtracted
spectrum (upper part of the figure) with the 1D proton nmr (lower part of the figure)
the only correlation that is seen with the NCH3 protons is the α protons of DTAB. There is
no correlation with the sugar headgroup protons were found.
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Figure D.5. 1D NOE spectrum of 1:1 DeTAB/C12G1 in D2O at 50 °C (total surfactant
concentration 30 mM). Experiment was done using cyclenoe pluse sequence with the
following parameters: d1 (relaxation delay) = 6 sec; nt (number of transient) = 32; np
(number of points) = 8192; satpwr (saturation power) =‐16; sattime (saturation time) =
4sec and MixN (mixing time) =600 ms. In this spectrum radiation had been done from
NCH3 protons of DeTAB head group. In cyclenoe every radiated spectrum is subtracted
from reference spectrum so that only the peak that has noe correlation with the
radiated peak remains and other peaks are subtracted out. By comparing the subtracted
spectrum (upper part of the figure) with the 1D proton nmr (lower part of the figure)
the only correlation that is seen with the NCH3 protons is the α protons of DeTAB. There
is no correlation with the sugar headgroup protons were found.
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Figure D.6. Determination of cmc: T1 (Spin‐lattice) relaxation time at 50 °C of the (a) H5A
proton (b) HN‐1 proton (c) α”A,B protons and (d) ω” proton of C8XT1 plotted against the
molar concentration of C8XT1 (dissovled in D2O). . The point of inflection in these plots
indicates the cmc (critical micelle concentration) value of that surfactant. From the
above plots it can be concluded that the cmc value for C8X1 is 11 mM at 50 °C.
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Figure D.7. The ratio of two pyrene fluorescence emission bands appearing at 374 nm
(I1) and 387 nm (I3) vs. total surfactant concentration for C16TAB/C8XT1 mixture at 50 °C.
1:1 overall ratio of surfactants was used. Arrows denote the mixed cmc values. This
ratio is a measure of polarity near pyrene, where a lower value indicates a less polar
microenvironment. The break point in the plot is considered to be the cmc of the
mixture, which is 1.42 mM.
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Figure E.1. Thermogravimetric (TGA) results for as‐prepared (pre‐calcination) and post‐
calcination (at 500 °C and 40 °C/min) unsandwiched titania films. TGA was performed
using a TA Instruments system at 20 °C/min heating rate under nitrogen atmosphere.
Two constant‐temperature stages for 5 minutes at 35 °C and at 127 °C were also used as
part of the ramp to drive of moisture. The samples were prepared by scraping the TiO2
films from glass slides before and after calcination. Two detectable weight loss steps are
observed for the pre‐calcination sample: one below 150 °C corresponding to water and
solvent evaporation, and one between 150 °C and 335 °C corresponding to P123
decomposition. In the post‐calcination sample, the only feature is below 150 °C due to
adsorbed water; no measurable weight loss occurs after 150 °C indicating that the
template is completely removed by calcination.
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Figure E.2. Comparison between predicted and experimental d‐spacing values for the
proposed indexing of the unsandwiched film after aging using a combination of parallel
rectangular symmetry (c2mm) and orthogonal hexagonal symmetry.
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Figure E.3. HRTEM image of a fragment removed from a sandwiched titania thin film
prepared using modified glass slides, aged at 4 °C for 2 h, and calcined at 500 °C for 10
min.
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Table E.1. Comparison between the d‐spacing calculated from the SAED pattern in Fig.
7.9b and d‐spacing values reported by Howard et al. for anatase titania.

Calculated
Literature
d‐spacing(nm)
d‐spacing(nm)
0.352
0.356
0.238
0.237
0.189
0.190
0.170
0.170
0.148
0.148
0.126
0.126
0.117
0.116
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Figure F.1. Comparison between predicted and experimental d‐spacing values for the
proposed indexing of titania thin films (60 nm thick) on unmodified substrate after aging
(Fig. 8.2a) using a combination of parallel rectangular symmetry (C2mm) and orthogonal
hexagonal symmetry.
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Figure F.2. Plot to determine k parameter using avrami equation for titania thin films
(250 nm thick) on P123 modified substrate after calcined at isothermal condition (400
°C).
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Figure F.3. Plot to determine n & k parameters in avrami equation at different ramp
rates to reach final calcination temperature (500 °C). These titania thin films were 250
nm thick films and prepared on P123 modified substrate.
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